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Plant Anti-Insect Armaments | 


Because individual plants are unable to relocate, they are subject 

to extreme selection by the insects feeding upon them. One means 
by which plants suppress herbivory is to produce toxic compounds 
to deter feeding (see the Perspective by Hare). Agrawal et al. 


(p. 113) compared pesticide—treated or untreated evening 
primroses. Over 5 years of pesticide treatment, the production 

of defensive chemicals in the fruit reduced and flowering times 
shifted, and the primrose’s competitive ability against dandelions 
improved. Zit et al. (p. 116) examined large-scale geographic 
patterns in a polymorphic chemical defense locus in the model 
plant Arabidopsis thaliana and found that it is matched by changes 
in the relative abundance of two specialist aphids. Thus, herbivory 
has strong and immediate effects on the local genotypic composi- 
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tion of plants and traits associated with herbivore resistance. 


Grinding Out 
Earthquake Physics 


Simulating earthquakes in the lab produces 
events that are often orders of magnitude lower 
in energy than large, damaging earthquakes; 
thus, it is unclear how well the behavior along 
these simulated faults extrapolates to the phys- 
ics of large earthquakes. Chang et al. (p. 101; 
see the Perspective by Shimamoto and Togo) 
used a rotary apparatus that spins in tandem 

at high speeds with a disc-shaped rock sample, 
producing energies comparable to earthquakes 
of magnitudes 4 to 8. Experiments using both 
granite and dolomite samples suggest that the 
weakening of slip along faults during large 
earthquakes is a product of intense accelerations 
associated with the rupture event. 


Homogeneous Melting 


The nucleation and melt- 
ing of crystals are primar- 
ily driven by surfaces and 
defects, which can lower 
the thermodynamic barrier 
to a phase transition. A 
harder problem to study is 
when the transition occurs uniformly. Wang et al. 
(p. 87; see the Perspective by Weeks) imaged the 
homogeneous melting of superheated colloidal 
crystals using a laser to initiate the melting at the 
interior of the crystal. The authors were then able 
to track nucleation precursors and nucleus evolu- 
tion and to find where defects and instabilities 
limited the homogeneous melting process. 


Watching Supercoiled DNA 


The DNA double helix can undergo additional 
twisting, or supercoiling, that plays a role in 
transciption and protein binding, in part by 
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bringing distant DNA locations together. The pro- 
cess forms intertwined loops, called plectonemes, 
and van Loenhout et al. (p. 94, published online 
13 September; see the Perspective by Sheinin 
and Wang) visualized plectoneme dynamics of 
fluorescently labeled, 21-kilobase tethered DNA 
molecules using magnetic tweezers to apply twist- 
ing forces. Plectonemes could diffuse along the 
DNA, but move more rapidly if they “hopped”— 
nucleating a plectoneme at a new position. 


Theory Drives 
Understanding 


The role of theory and simulation in neuroscience 
has been hotly debated over the past few years, 
in particular in the context of the recent launch 
of several big projects aimed at creating artificial 
or virtual brains. Gerstner et al. (p. 60) review 
how theory and simulations have interacted over 
the years and how they have contributed to our 
present view of how the brain works. 


Reversing Autism in Mice 


Autism comprises a heterogeneous group 

of neurodevelopmental disorders character- 

ized by defects in communication and social 
interaction. A group of nonsyndromic forms 

of autism is associated with mutations in the 
neuroligin genes, which encode postsynaptic 
adhesion molecules. Using a reversible knockout 
approach, Baudouin et al. (p. 128, published 
online 13 September) investigated the in vivo 
functions of neuroligin-3 in the mouse cerebel- 
lum. Mutant mice showed a major defect in 
metabotropic glutamate receptor—dependent, 
long-term potentiation; disrupted heterosynaptic 
competition; and ectopic synapse formation in 
vivo. These synaptic defects could be rescued by 
reactivation of the neuroligin gene in the adult. 
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Lending a Hand 
to CO, Reduction 


Although plants and microbes have been reduc- 
ing CO, with ease for millennia, people still 

find it extremely challenging. A cost-effective 
synthetic scheme for transforming CO, into fuels 
and commodity chemicals would be a double 
boon, lowering atmospheric concentration of the 
greenhouse gas while supplementing (and per- 
haps ultimately replacing) dwindling petroleum 
feedstocks. Toward this end, Costentin et al. 

(p. 90) show that an iron catalyst for the 
electrochemical reduction of CO, to CO gets 

an efficiency boost from phenol substituents 
appended to the ligand framework. 


A Toothy Problem 


Large mammalian herbivores such as horses 
and bison are well known to possess a complex, 
grinding dentition that facilitates processing of 
their tough, cellulose-rich plant diet. Hadro- 
saurid, or duck-billed, dinosaurs also possessed 
complex teeth, but how this was achieved has 
been unknown because reptiles typically pos- 
sess simple teeth. Erickson et al. (p. 98) show 
how Hadrosaurs evolved teeth composed of six 
tissues, which allowed for the development of 
tooth complexity rivaling, or exceeding, that of 
modern herbivorous mammals. 


Puzzling Through Gravity 


Much of the excitement of scientific discovery 
seems to get lost when science is taught as facts 
by lectures. Granger et al. (p. 105) present 

a large study of outcomes comparing inquiry- 
based teaching with more traditional teaching 
methods. Over 2000 students were involved, in 
125 classrooms of 4th- and 5th-graders. The 
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This Week in Science 


Continued from page 11 

classes studied space-science with a curriculum that uses models and evidence to entice students 
into improving their own understanding of the science. Students who were encouraged to use evi- 
dence to support their models seemed to develop improved knowledge of content. 


Of Microbes and Cancer 


Inflammation is a well-established driver of tumorigenesis. For example, patients with inflamma- 
tory bowel disease have an elevated risk of developing colorectal cancer (CRC). Whether the gut 
microbiota also contributes to the development of CRC is less well understood. Arthur et al. (p. 120, 
published online 16 August; see the Perspective by Schwabe and Wang) now show that the micro- 
biota does indeed promote tumorigenesis in an inflammation-driven model of CRC in mice. Although 
germ-free mice were protected against developing cancer, colonization of mice with Escherichia coli 
was sufficient to drive tumorigenesis. 


Regulating Opioid Responses 


Different drugs of abuse are thought to highjack similar reward systems in the brain using common 
mechanisms. However, Koo et al. (p. 124) now observe that some of the neural mechanisms that regu- 
late opiate reward can be both different and even opposite to those that regulate reward by stimulant 
drugs. While knockdown of brain-derived neurotrophic factor (BDNF) in the ventral tegmental area in 
mice antagonized the response to cocaine, the same manipulation strengthened the potential of opi- 
ates to increase dopamine neuron excitability. Optogenetic stimulation of dopaminergic terminals in 
the nucleus accumbens could counteract the effects of BDNF on morphine reward blockade. 


Gut, Heal Thyself 


Foods, drugs, and pathogens all represent possible threats to our 

guts on a daily basis. Fortunately, the gut is quite good at repairing 
itsel—but how? Working in mice, Miyoshi et al. (p. 108, published 
online 6 September; see the Perspective by Barrett) selectively injured 
intestinal crypts containing intestinal stem cells and observed the 
repair process. The noncanonical Wnt ligand, Wnt5a, was required for crypt regeneration. Wnt5a inhib- 
ited intestinal stem cell proliferation, which paradoxically promoted regeneration of crypt tissue. 


Salience, Values, and Decisions 


How does the brain make value-based decisions? There are two major competing models: the goods- 
based model and the action-based model of value. Leathers and Olson (p. 132) designed a critical 
experiment to decide between these two views. In the monkey brain, lateral intraparietal neurons re- 
sponded strongly to stimuli predicting both large rewards and large penalties, encoding the salience 
of the stimulus rather than reward value, which refutes both models. 


Changing Your Belief 


The ability to display behavioral flexibility depends on an internal representation of the environment— 

a framework of beliefs that can be adjusted on the basis of experience. Recording from multiple elec- 
trodes in the rat medial prefrontal cortex, Karlsson e¢ al. (p. 135) investigated how ensembles of neurons 
changed their activity during the performance of a task in which the animal had to update its knowledge 
of reward contingencies. The results suggest that changes in perceived action-outcome contingencies were 
associated with abrupt switches in neuronal representations in the rat medial prefrontal cortex. 


Close to a Black Hole 


At the center of our Galaxy, there is a black hole that is 4 million times as massive as the Sun. Using 
data from the Keck Observatory, Meyer et al. (p. 84) detected a star orbiting this black hole with 

a period of 11.5 years, the shortest period among the stars orbiting it. The star is the second well- 
sampled star with an orbital period under 20 years. Having detailed knowledge about two stars with 
short periods and full orbit coverage will be crucial in testing Einstein's theory of general relativity in 
the gravitational field close to a massive black hole. 
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The Burden of Mood Disorders 


THE OVERALL BURDEN OF MOOD DISORDERS—INDIVIDUAL, SOCIETAL, AND ECONOMIC—-HAS BEEN 
increasing in recent decades. This is certainly the case for depression (see the special sec- 
tion beginning on page 67 of this issue). In Europe, the burden is greater than 10 years ago 
despite the availability of reasonably effective pharmacological and psychological interven- 
tions.* Yet the prevalence of mood disorders has remained steady at approximately 10% of 
the population.* + What explains the increased cost and societal burden of depression and 
bipolar disorders, and what can be done to improve the situation? 

The major barrier to improving treatment in most countries has been limited financial and 
structural resources. A 2011 European Brain Council Reportt revealed that unlike cardiac dis- 
ease and diabetes, in which direct costs (diagnosis and treatment) typically account for over 50% 
of the total cost, mood disorders are dominated by indirect costs such as sick days, unemploy- 
ment, long-term disability, and suicide attempts (direct costs account 
for about 23% of the total). A second factor, which is beyond the con- 
trol of medical professionals, is the consequence of longer life spans. 
Living longer is associated with an increased probability of developing 
depression with a more malignant course due to, for example, vulner- 
ability and risk factors that arise from other chronic conditions.* 

There has also been a failure to generate the needed multidisci- 
plinary models of disease intervention and effective mental health ser- 
vices. Mood disorders are highly complicated, with neurobiological, 
behavioral, and psychological etiologic pathways, and there is a range 
of complex treatment goals. Interventions also need to be tailored to 
address multiple factors, including the type of mood disorder, its sever- 
ity, comorbid complications, and the patient’s preference for treatment. 
Current models of pharmacological or psychological interventions and 
even personalized medicine approaches fail to account for these issues 
sufficiently, in part because of a lack of knowledge regarding the neural underpinnings of the 
highly dynamic pathological pathways. Given that most patients are not recognized in a timely 
manner by physicians, never seen by a specialist, or not treated appropriately according to mini- 
mal guideline standards, the increase in the overall burden of mood disorders is not surprising. 

Improved integrative models, based on research in the behavioral, social, and neurosci- 
ences, are urgently needed that better reflect the heterogeneity and complexity of mood disor- 
ders. The goal is to provide a range of effective interventions within a personalized perspec- 

tive, taking into account the vulnerability and risk factors responsible 
@ | 7 for one’s clinical trajectory to illness, its duration, and remission, in 

a | a C addition to pharmacogenomic and other biomarker approaches. Early 

sciencemag.org interventions based on personalized approaches have the most promise. 

Podcast interview Two-thirds of mood disorders start in late adolescence and early adult- 

® with author Hans- hood, predominantly as secondary conditions to other types of preexist- 
Urlich Wittchen (http:// . : : : at 

scim.ag/ed_6103). ing and untreated mental disorders, such as anxiety, attention deficit dis- 

order, and addiction. These preceding disorders are powerful risk factors 

for the first onset of a mood disorder, and they can predict a malignant and chronic course as 

well as a poorer response to treatment. Early intervention targeted to such highly vulnerable 

patients can decrease not only the incidence of mood disorders but also the degree of disability 

and depression burden.§ 

Reducing the burdens of mood disorders requires major shifts in research, clinical practice, 
and public health by incorporating multidisciplinary models of intervention. The good news 
is that such changes are under way, as reflected, for example by the experts drafting Research 
Roadmaps (see www.roamer-mh.org) for the European Union. — Hans-Ulrich Wittchen 


10.1126/science.1230817 


*H.-U. Wittchen et al., Eur. Neuropsychopharmacol. 21, 655 (2011). +E. Bromet et al., BMC Med. 9, 90 (2011). 
tA. Gustavsson et al., Eur. Neuropsychopharmacol. 21, 718 (2011). §H.-U. Wittchen et al., Eur. Psych. 18, 384 (2003). 
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GENETICS 
Understanding Recombination 


Recombination, the process of chromosomal 
exchanges to foster genetic variation, occurs 
variably along the genomes of plants and ani- 
mals, with certain regions showing more cross- 
overs than others. One feature that controls 
crossovers is the presence or absence of 
methylation on the DNA sequences, where 
densely methylated regions show low rates 
of crossover events. Colomé-Tatché et al. 
examined genome-wide recombination 
patterns in Arabidopsis plants with parents 
of differing methylation status: one 
heavily methylated and the other hypo- 
methylated. Among the offspring, regions 
of high and low methylation were traced and 
genome-wide recombination events were in- 
ferred. Although methylation patterns did seem 
to affect crossover rates in parts of the genome, 
crossovers were suppressed near the centro- 
some, even in individuals with low amounts of 
methylation in this area. These results suggest 
that recombination events in this region are 
insensitive to natural DNA sequence variation 
and methylation state and help to provide a 
framework to delineate the epigenetic basis of 
complex traits in Arabidopsis. — LMZ 

Proc. Natl. Acad. Sci. U.S.A. 109, 10.1073/ 

pnas.1212955109 (2012). 


MATERIALS SCIENCE 
Ising Ice be controllable by the perpendicular magnetic 
moments. — JS 
Spin ice, a group of exotic magnetic materi- Phys. Rev. Lett. 109, 087201 (2012). 
als that have molecular arrangements akin to 
that of water ice, can be artificially engineered 
out of nanomagnets arranged in patterns that 
resemble real crystal lattices, but with fully 
tunable properties. Normally, these nanomag- 
nets orient themselves within the plane that 
they occupy; Zhang et al. created an artificial 
spin ice in which the magnetic moments point 
perpendicular to the plane—a realization of 
the canonical Ising spin model. Magnetic force 
microscopy confirmed that, after initialization, 
the magnets pointed either up or down. The 
frustrated kagome lattice, with perpendicular 
magnetization, showed similar spatial correla- 
tion properties to those of the honeycomb lat- 
tice, with in-plane moments, implying that the 
behavior is dominated by the nearest-neighbor 
interactions, which are matched between the 
two; the similarity was maintained through 
a range of interactions. The realization of 
perpendicular magnetization is expected to lead 
to interesting hybrid systems with thin films, in 
which the properties of the adjacent films may 


BIOCHEMISTRY 
A Forced Opening 


Notch proteins are transmembrane receptors 
that have major roles in the regulation of cell 
proliferation and development, and mutations 
in the Notch signaling pathway contribute 

to human diseases and cancer. When Notch 
proteins are bound by their ligands, which are 
themselves transmembrane proteins found 

on adjacent cells, endocytosis of the Notch 
extracellular domain into the ligand-bearing 
cell occurs, during which the Notch protein is 
cleaved, allowing the intracellular domain to be 
translocated to the nucleus, where it activates 
target genes. Stephenson and Avis used atomic 
force microscopy (AFM) to physically stretch a 
portion of the receptor called the Notch negative 
regulatory region, which contains the masked 
site of proteolysis. They could show through AFM 
measurements and molecular dynamics simula- 
tions that such a mechanical stimulus unfolded 
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BIOMEDICINE 


A Case of Lost Identity? 


As the cells responsible for the secre- 
tion of insulin—the major hor- 
monal regulator of blood glucose 
levels—pancreatic B cells are 
the central command center for 
the prevention of type 2 diabe- 
tes. When 8 cells cannot keep 
pace with metabolic demands 
(which occurs with obesity, 
during pregnancy, and as 
people age), insulin secretion 
drops and blood glucose lev- 
els rise. The prevailing model 
is that B cells fail because they 
are lost through programmed cell 
death and are not replaced. Study- 
ing several mouse models of diabetes, 
Talchai et al. present evidence for a radi- 


cally different mechanism of 8 cell failure: They 
propose that the loss of B cells occurs because under 
conditions of physiological stress, the cells change their identity through de-differentiation 
to a more progenitor-like state and are then converted to other pancreatic cell types that do 
not secrete insulin, such as & cells. The transcription factor FoxO1 plays an essential role 
in keeping B cells in their differentiated state. If these observations apply to humans, they 
would suggest that therapies for type 2 diabetes should focus on reversing the B cell de- 
differentiation process rather than promoting B cell replication. — PAK 


Cell 150, 1223 (2012). 


the protein to expose a site where protolytic 
cleavage occurred (and actually monitored the 
latter as release of the AFM tip). The events and 
forces measured were consistent with a favored 
model of Notch signaling in which forces of 


ligand endocytosis expose the otherwise buried 
cleavage site, leading to slicing of the receptor 
and initiation of signaling. — LBR 
Proc. Natl. Acad. Sci. U.S.A. 109, 10.1073/ 
pnas.1205788109 (2012). 


Continued on page 19 


www.sciencemag.org SCIENCE VOL 338 5 OCTOBER 2012 17 


Published by AAAS 


Downloaded from www.sciencemag.org on October 5, 2012 


CREDIT: NASA 


Continued from page 17 


ENVIRONMENTAL SCIENCE 


A Sea of Difference 


Large-scale anthropogenic impacts on the 
environment are often considered to be products 
of modern agricultural and industrial activity. 

It is becoming clearer, however, that humans 
have been agents of widespread environmental 
change for much longer than that. Through a 
combination of sedimentary, paleoenvironmen- 
tal, and paleogenetic evidence, Giosan et al. 
chronicle how the biogeochemistry of the Black 
Sea has changed over the past 7500 years and 
how humans contributed to that. Surface salinity 
decreased and the delta of the Danube ex- 
panded over the past 2000 years, as sediments 
delivered by the Danube, the main tributary of 
the Black Sea, increased in volume because of 
the intensification of land use throughout its 
watershed. Over the past five to six centuries, 
greater nutrient fluxes resulting from rapid 
deforestation in Eastern Europe caused the 
proliferation of diatoms and dinoflagellates and 


changed the entire food web structure of the 
Black Sea. Thus, long before industrialization, 
the Black Sea was much different from the time 
before humans populated its shores. — HJS 

Sci. Rep. 2, 10.1038/srep00582 (2012). 


CHEMISTRY 
Protons Coming and Going 


Photosynthesis channels light into chemical 
energy by splitting water. Klauss et al. explored 
the sequence of steps whereby the manganese 
cluster in plants and algae extracts four protons 
and four electrons from two water molecules, 
forming O, in the process. By applying a 
photothermal beam deflection technique to 
probe the relative timing of electron and proton 
transfers, the authors uncovered two deprot- 


EDITORS'CHOICE 


onation steps, which taken together with prior 
studies establish that the water-splitting cycle 

proceeds through strictly alternating extraction 
of electrons and protons. 

Many synthetic systems focus on forming 
hydrogen from water-derived protons, rather 
than replicating the natural CO, functionalization 
cycle. Marinescu et al. probed the mechanism 
for one such catalyst that relies on redox-active 
cobalt. Using nuclear magnetic resonance 
spectroscopy, they tracked the rate of disappear- 
ance of a Co(IIl)-H intermediate, uncovering 
a bimolecular decay inhibited by increasing 
proton (acid) concentration. Analysis of these 
results together with cyclic voltammetry data and 
numerical simulations showed that the dominant 
mechanism involved a one-electron reduction of 
the intermediate by unprotonated Co(I) before H, 
formation, with a slower concurrent direct reac- 
tion involving two Co(III)-H complexes. — JSY 

Proc. Natl. Acad. Sci. U.S.A. 109, 10.1073/ 
pnas.1206266109; 10.1073/pnas.1213442109 (2012). 


IMMUNOLOGY 
A Strategic Defense 


Just as in American football, 
during the immune response, the 
location of your defenders is key. 
One player out of line can make 
the difference between a sack or 
a touchdown, or in the case of 
the immune system, a localized 
versus systemic infection. How the 
immune system orchestrates this 
careful defense, however, is not 
well understood. Kastenmiller 

et al. now demonstrate that the 
organization of cells within the 
lymph nodes of mice is critical for 
preventing pathogen spread dur- 
ing the first few hours of an infection. Infecting 
bacteria drain to nearby lymph nodes, where 
they are immediately collected by a specially 
localized population of macrophages. Although 
these macrophages have antimicrobial activity, 
the immune system takes further precautions 
to ensure that the infection does not spread. 
Several types of lymphoid cells are localized 
near these macrophages. In response to bacte- 
ria, an inflammasome-dependent mechanism 
drove macrophages to produce the cytokine 
interleukin-18, which in turn alerted the nearby 
lymphoid cells to the threat. In response, 

the lymphoid cells produced the cytokine 
interferon-y, which enhanced the antimicrobial 
activity of the macrophages, thus keeping the 
infection in check. — KLM 

Cell 150, 1235 (2010). 
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UAquila, Italy 1 

Prison Terms Sought for Italian 
Earthquake Experts 

Seven experts tapped for advice before a 
deadly earthquake struck L’ Aquila, Italy, 
in April 2009 should each get 4 years in 
jail, prosecutors in their manslaughter trial 
in the central Italian city requested on 

25 September. 

The four scientists, two engineers, and a 
public official are accused of conducting a 
superficial risk analysis that gave townsfolk 
a false sense of security before the quake. 
The seven—members of Italy’s National 
Commission for the Forecast and Prevention 
of Major Risks—had met on 31 March 2009 
to assess the danger posed by seismic trem- 
ors that had been shaking L Aquila and the 
surrounding area for 3 months. 


A draft version of the commission’s meet- 


ing minutes contains controversial statements 
absent in the official minutes, including 
references to the discredited idea that small 
tremors reduce the chances of a bigger quake 
because they discharge energy. Victims’ rela- 
tives said that misconception persuaded loved 
ones to stay indoors before the quake hit. 

Judge Marco Billi is due to reach a verdict 
by 23 October. http://scim.ag/EQtrial2012 


Madrid 2 


Billions in Spanish Research 
Budget Unspent 

Research and development in Spain will suf- 
fer another 7.2% cut if Parliament approves 
the government’s 2013 budget, presented 

on 29 September. The budget has shrunk 

4 years in a row, overall by 38.7% since 
2009. But an analysis by the Confederation 
of Spanish Scientific Societies (COSCE), 
released on 27 September, shows that the 
real picture is even bleaker than official 
numbers suggest because billions in research 
money simply remains unspent. 

Included in the science budget is a pot of 
money aimed at supporting companies, uni- 
versities, and public research institutions with 
loans. In practice, the loans—which made up 
58.8% of the 2012 budget—aren’t much in 
demand, and most of the money flows back 
into state coffers. In 2011, at least €3 billion 
remained unused; in 2010, €2.36 billion. 

COSCE called on the government to look 
closer at which funding programs are needed 
and to help ensure companies make use of 
the loans. Future science budgets should be 
“in line with the reality of the country,” says 
COSCE President Carlos Andradas Heranz, 
a mathematician at the Complutense Univer- 
sity of Madrid. http://scim.ag/Spainbudget 


Democratic Republic of the Congo 3 
Ebola-Like Virus Found 


A newly discovered virus from the family 
that causes rabies may be responsible for 
three linked cases of hemorrhagic fever in 
the Democratic Republic of the Congo in 
2009. An international team of researchers 
reported on 27 September in PLoS Patho- 
gens the first evidence that a virus from the 
rhabdovirus family, which typically causes 


brain swelling or flulike disease, is a hem- 
orrhagic fever agent like Ebola virus and 
Marburg virus—among the most virulent 
pathogens known to infect humans. 

Using sophisticated RNA sequencing 
technology, the researchers discovered a 
link between a rhabdovirus they called Bas- 
Congo and a 2009 episode of acute hemor- 
rhagic fever in three people from the village 
of Mangala. The scientists did not actually 
isolate Bas-Congo virus, but instead plucked 
out RNA sequences from a blood sample 
taken from the outbreak’s sole survivor and 
reconstructed its genome. 

“Tt looks fairly solid,’ says Thomas 
Ksiazek, a hemorrhagic disease specialist at 
the University of Texas Medical Branch in 
Galveston. Ksiazek cautions that until you 
have the actual virus in hand, it’s difficult to 
know what caused the disease. 

The research team is now intensifying its 
hunt for the virus itself in humans and other 
species. http://scim.ag/BasCongo 
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Wako, Japan 4 
Element 113 Clinched? 


Researchers in Russia and Japan have 
sparred for nearly a decade over who first 
observed an atom of superheavy element 
113. Now, the Japanese team from the 
RIKEN Nishina Center for Accelerator- 
Based Science in Wako says a new atom of 
113—tts third—should cement its claim. 

Researchers make superheavy elements 
by firing nuclei at foil made of a heavy ele- 
ment, hoping that a projectile fuses with 
a target nucleus. The resulting compound 
nucleus lasts a fraction of a second and is 
identified by the chain of unstable isotopes 
it decays into. Last year, an international 
adjudicating panel contended that none of 
the isotopes the groups cited as evidence had 
been studied, so their identity—and credit 
for the discovery—remained unclear. 

The new RIKEN chain, however, took 
a different decay route leading to isotopes 
that had been studied. The result makes 
a “very strong case” for discovery, says 
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NEW 


A. Fraud or Suspected Fraud 


: *USA 
Most Papers Retracted for Misconduct waning 
Geography helps tell the story of why biomedical papers — 
are retracted—or so suggests a new study published “UK 
online on 1 October in the Proceedings of the National “India 
Academies of Sciences (PNAS). Microbiologists Ferric Fang S Korea 
"Other 


and Arturo Casadevall, along with medical writer R. Grant 
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Steen, examined the reasons for retractions from multi- cae one Se Lon 
ple angles, and they found that the explanations partly “China aa 
track with the country where the research was done. Most Sea “China 
papers retracted for fraud or suspected fraud involved pl aU 
work conducted in the United States. But when plagiarism "Other rod 
and duplicate publications are the reason for retractions, “— “Other 
locales such as China take a bigger slice of the pie. — “Italy 
More broadly, the PNAS study finds that misconduct France aneres 
Gabon Canada 


(which includes fraud, plagiarism, and duplicate publi- 


cation) accounts for about two-thirds of all retractions, 
to the authors’ surprise. “I thought it was going to be error” 
that explained why most papers were pulled, says Casadevall 
of Albert Einstein College of Medicine in the Bronx, New York. 


Christoph Diillmann of the GSI nuclear 
research lab in Darmstadt, Germany. Will 
the adjudicators agree? Stay tuned. 
http://scim.ag/element113 


NEWSMAKERS 


Early Leader of Environmental 
Movement Dies 


Barry Commoner, a cell 
biologist who became 
an influential proponent 
of the 1963 Nuclear Test 
Ban Treaty, a leader of 
the burgeoning environ- 
mental movement, and a 
candidate for president, 
died on 30 September in 
New York at the age of 95. Known as an often 
provocative scholar, Commoner prompted 

a flurry of letters to Science in 1961 with an 
essay, “In Defense of Biology,” that decried 
environmental threats and bemoaned “a 
widening gap between the more traditional 
areas of biology and those which are closely 
related to modern chemistry and physics” 
(Science, 2 June 1961, p. 1745). In 1970, 
Time magazine put Commoner on its cover, 
hailing him as a luminary in the “emerging 
science of survival.” But when asked in 1976 
what he would do if appointed White House 
science adviser, Commoner told Science he’d 
resign: “I don’t believe in science advice. ... 
Pressure from an informed public is far better 
than an advisory system” (Science, 6 August 
1976, p. 464). 


Polar Bear Biologist Cleared 
Of Misconduct Charges 


Charles Monnett, a prominent U.S. govern- 
ment polar bear researcher who had been 
suspended amid allegations of research mis- 
conduct (Science, 5 August 2011, p. 681), has 
returned to work after being cleared of the 
most serious charges. But he is being repri- 
manded by his employer, the U.S. Bureau of 
Ocean Energy Management, Regulation and 
Enforcement, for e-mailing internal agency 
documents to several political officials and 
academics in Alaska. The decision ends a 
controversy that began in March 2010 when 
an anonymous government employee com- 
plained that Monnett had released infor- 
mation and manipulated data on polar bear 
mortality to thwart plans by the Shell energy 
company to drill exploratory wells in the 
Arctic. Monnett’s allies cheered the decision. 
“We are pleased this misguided witch hunt is 
finally stumbling to a conclusion,” said Jeff 
Ruch, executive director of Public Employees 
for Environmental Responsibility in Wash- 
ington, D.C., which helped defend Monnett 
against the charges. 


Gran Sasso Gets New Director 


Physicist Stefano Ragazzi, of the Univer- 

sity of Milano-Bicocca in Italy, has been 
appointed the next director of the Gran Sasso 
National Laboratory in LV Aquila, Italy, run by 
the Italian National Institute of Nuclear Phys- 
ics. He replaces physicist Lucia Votano, who 


Science has the dubious distinction of coming first in a long list of 
journals with the most retracted articles in the past 40 years, with 
70 retractions, edging out PNAS by one. http://scim.ag/retractstudy 


has held the post since 2009, on 15 October. 
Ragazzi, 57, began his scientific career study- 
ing neutrinos and later moved into high- 

energy physics. Starting 
in 1992, he coordinated 
several high-energy 
research groups at 
CERN, the European 
particle physics lab in 
Geneva, Switzerland. 
He also helped design 
calorimeters—devices 
that measure the energy of particles—that 
CERN’s CMS experiment used in the hunt 
for the Higgs boson. “As a new director, the 
major challenge will be keeping the level of 
research as high as it has been so far, espe- 
cially in the field of dark matter and the study 
of neutrinos’ properties,’ Ragazzi says. 


FINDINGS 
Obesity Hormone in Fruit Flies 


When it comes to mealtime, fruit flies are 
more like people than we thought. The 
insects, researchers have found, churn >> 


www.sciencemag.org SCIENCE VOL338 5 OCTOBER 2012 


Published by AAAS 


23 


Downloaded from www.sciencemag.org on October 5, 2012 


po Sample 


\ 


a 


Alfred Russel Wallace Goes Online 


The eminent 19th century British 
naturalist Alfred Russel Wallace now 
has his own Web site. Wallace Online 
(http://wallace-online.org/) provides free 
searchable access to all 28,000 pages of 
his writings and other historical documents 
and to 22,000 images. Wallace and Charles 
Darwin were contemporaries who independently 
formulated the theory of evolution by natural selection. Aside from 
Darwin, “Wallace is the only other person in history who inde- 
pendently figured out the secret of life,” says John van Wyhe, a 
science historian at the National University of Singapore who put 
the treasure trove of information together. Van Wyhe also created 
the popular Darwin Online Web site (http://darwin-online.org. 
uk/). The new site, timed to mark the hundredth anniversary of the 
naturalist’s death in 1913, includes the full text of Wallace’s mag- 
num opus, Darwinism, which van Wyhe calls “next to The Origin 
of Species, the single greatest book ever written on evolution.” 


y 


>>FINDINGS 

out the hormone leptin—the same hormone 
that helps control appetite and metabolism 
in humans. Leptin has long fascinated sci- 
entists, who study it to sort out the molecu- 
lar underpinnings of obesity. But until now, 
they thought that only vertebrates produced 
it. This new find could make it easier to 
uncover leptin’s secrets. 

Akhila Rajan, a postdoctoral fellow at 
Harvard Medical School in Boston, and 
her adviser, Norbert Perrimon, made the 
discovery after engineering flies that lacked 
a nutrient-sensing protein called Upd2. 
Flies without Upd2 look metabolically as if 
they’re famished. But when Rajan inserted 


BY THE NUMBERS 

$1.2 trillion Estimated annual 
worldwide cost of climate change, 
equivalent to about 1.6% of global 
GDP, according to a report released 
on 26 September by DARA and the 
Climate Vulnerable Forum. 


50% Average decline in coral 
cover on the Great Barrier Reef 
from 1985 to 2012, according to 
a study published on 1 October 

in the Proceedings of the National 
Academy of Sciences. 


the human leptin gene into her flies, they 
didn’t have that problem. The researchers 
concluded in a study published last week 

in Cell that Upd2 is the “functional homo- 
log” of leptin, meaning the protein in flies 
acts very much as leptin does in people. 
Because flies are relatively easy to study in 
the lab, the researchers hope their discovery 
will make it easier to study leptin’s biology. 
http://scim.ag/obesefly 


Concrete Evidence for Water 
On Ancient Mars 


Billions of years ago, enough water flowed 
into Gale crater fast enough to carry gravel 
to the middle of the crater floor—where the 
Curiosity rover has found and imaged it, the 
NASA mission’s team reported in a press 
conference on 27 September. The broken 
face of a 15-centimeter-thick layer of rock 
sports bits of stone worn into pebbly round- 
ness as they tumbled down from the nearby 


crater rim in a torrent of water. Previous 

Spirit and Opportunity rover investigations 

and orbital imaging have found evidence of 

salty ground water, evanescent puddles of 

brine, and flowing rivers on ancient Mars. 

But properties of the newly discovered 
rock, such as the size range of the gravel, 
will let researchers infer a great deal more 
about ancient water on Mars. Unfortunately, 
gravel laid down in torrential flows is about 
the worst sort of deposit to search for traces 
of ancient life. As demonstrated on Earth, the 
organic remains of long-ago life are far better 
preserved in the muddy deposits of quiescent 
lake bottoms. http://scim.ag/Marswater 


Oocytes Created in a Dish 
Produce Normal Mice 


A Kyoto University team led by stem cell 
biologist Mitinori Saitou has produced nor- 
mal mouse pups using oocytes, or immature 
egg cells, created in vitro from embryonic 
stem cells and induced pluripotent stem cells 
(ES cells and iPS cells). The achievement is a 
first for mammals. 

The researchers cultured mouse ES and 
iPS cells in protein cocktails to produce pri- 
mordial germ cell-like cells. To get oocytes, 
they mixed these cells with fetal ovarian 
cells, forming reconstituted ovaries that they 
grafted onto natural ovaries in female mice. 
Four weeks later, the primordial germ cell- 
like cells had developed into oocytes. After in 
vitro fertilization, the researchers implanted 
the resulting embryos into surrogate moth- 
ers, producing normal mouse pups, the team 
reported online on 4 October in Science. 

“Tt is remarkable that one can produce 
oocytes capable of sustaining complete 
development starting with embryonic stem 
cells,” says developmental biologist Davor 
Solter of Singapore’s Institute of Medi- 
cal Biology who was not involved with the 
research. Saitou says that with more work, 
the team may be able to eliminate the grafting 
step, generating viable oocytes completely 
in vitro. In addition to shedding light on 
early developmental processes, the technique 
could lead to new human fertility treatments 
if technical challenges and ethical issues can 
be resolved, he says. http://scim.ag/oocytes 


Science §i}/: 


Join us on Thursday, 11 October, at 3 p.m. 
EDT for a live chat on a hot topic in science. 
http://scim.ag/science-live 
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CONDENSED-MATTER PHYSICS 


Supersolidity Shot Down 
By Its Own Discoverer 


The complicated mystery of supersolid- 
ity appears to be coming to an end, and it’s 
not the thrilling climax that many physi- 
cists had hoped for. It now appears that the 
bizarre phenomenon—in which ultracold, 
highly pressurized solid helium supposedly 
flows through itself like a liquid without any 
viscosity—simply doesn’t exist, physicists 
say. Instead, nearly all the supposed signs 
of supersolidity seem to have a more mun- 
dane explanation. 

“IT can’t be 100% sure that there is no 
supersolidity, but the evidence is getting 
weaker and weaker,” says Sébastien Balibar, 
an experimenter at the Ecole Normale Supéri- 
eure (ENS) in Paris, who had argued that 
the phenomenon is real. “Many of us don’t 
believe in it any longer.” Anthony Leggett, a 
theorist at the University of Illinois, Urbana- 
Champaign, says: “It looks almost like a con- 
spiracy of nature to fool us on this one. The 
original evidence really looked pretty strong.” 

Tronically, the data that may mark the end 
of the story come from the same physicist who 
reported the first signs of the phenomenon, 
Moses Chan of Pennsylvania State University, 
University Park. “I’m hammering the nail in 
my own coffin,’ Chan says. 

Chan and Eunseong Kim, now at the 
Korea Advanced Institute of Science and 
Technology in Daejeon, reported signs of 
supersolidity in 2004 in Nature (Science, 
1 July 2005, p. 38). The two fashioned a 
small metal can containing a cylinder of a 
porous glass called Vycor. They filled the 
nanometer-sized pores with frigid liquid 
helium and pressurized the can to more than 
25 times atmospheric pressure to solidify the 
helium. Chan and Kim set the can twisting 
back and forth atop a thin metal shaft. 

The researchers then cooled the twisting 
“torsional oscillator.” As the temperature 
fell below about 0.2 kelvin, the frequency 
of twisting suddenly shot up. That suggested 
that some of the helium atoms were letting 
go of the can and standing stock-still, effec- 
tively making the can lighter and reducing 
its inertia. To do that, the atoms would have 
to flow through the rest of the helium with- 
out any resistance. 

That notion may sound fanciful, but 
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“I'm hammering the nail in my 


own coffin.” 


—MOSES CHAN, PENNSYLVANIA STATE 
UNIVERSITY, UNIVERSITY PARK 


decades earlier, physicists had used the same 
technique to prove that liquid helium can flow 
without resistance, a quantum-mechanical 
phenomenon known as superfluidity. Some 
theorists had predicted something similar 
might happen in solid helium. Kim and Chan 
reported signs of flow in pure solid helium in 
2004 in a subsequent paper in Science. 

Those results were controversial from the 
start. Perfect crystalline helium shouldn’t 
flow, some theorists argued, and experi- 
ments soon showed that the supposed flow 
appeared only in crystals riddled with 
atomic-scale defects. 

Then John Beamish and James Day of 
the University of Alberta in Edmonton, Can- 
ada, used a different technique to show that 
solid helium stiffens below 0.2 kelvin, as they 
reported in Nature in 2007. Such stiffening 
should also cause the frequency ofa torsional 
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oscillator to increase just as flow would. At 
the time, however, simulations suggested that 
the stiffening alone could not explain away 
the observed frequency shifts. So many phys- 
icists reasoned that stiffening and flow were 
parallel effects. 

However, recent data have suggested that 
stiffening may be the only effect. Earlier this 
year, John Reppy, a physicist at Cornell Uni- 
versity, performed an experiment on a Vycor- 
filled “double oscillator” that could twist at 
two frequencies (Science, 11 May, p. 661). If 
a fixed fraction of helium was flowing, both 
frequencies should have increased and the 
frequency shifts should have been related 
in an easily calculable way. Reppy found 
that the frequency shifts did not obey that 
relation, as he reported in May in Physical 
Review Letters. 

Now, in what appears to be the coup de 
grace for supersolidity, Chan has refined his 
first experiment with porous glass and found 
that nothing flows. Not only that, but he and 
postdoc Duk Kim have explained how stiffen- 
ing could have produced the signal reported in 
the 2004 Nature paper after all. 

In the 2004 experiment, a gap remained 
between the porous glass and a thin plate 
that formed the bottom of the can, they say. 
That gap made the sample cell flexible and 
left room in which helium could accumulate. 
And when solid helium in that gap stiffened, 
it would glue the glass and the plate together 
more tightly, amplifying the stiffening effect. 
Simulations show that a mere 20% increase 
in the stiffness of that helium layer would 
account for the entire frequency shift seen in 
the 2004 experiment. 

To avoid that effect in the new experiment, 
Chan and Duk Kim did not place the Vycor 
in a can. Instead, they coated the glass with 
epoxy resin, producing a stiff sample cell with 
no large empty spaces. Once filled with solid 
helium, that cell should have been much more 
sensitive to flow than to stiffening. But when 
the researchers set it twisting and cooled it, 
they saw no frequency jump or sign of flow, 
as they report in a paper in press at Physical 
Review Letters. 

Such gluing effects could explain the 
earlier results on oscillators filled with bulk 
helium, Chan says. So his team fashioned 
much stiffer sample cells from stainless steel 
tubing. This time, they saw tiny frequency 
shifts that were only marginally bigger than 
would be produced by a 20% increase in the 
helium’s stiffness, as they reported in January 
in Physical Review B. 

All told, the data now suggest that stiffen- 
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ing can explain away nearly all the signs of 
supersolidity, Chan and others say. “I think 
that the vast majority of these are elastic 
effects of some sort that we’ve been too stupid 
to realize,” Reppy says. 

One experiment cannot easily be dis- 
counted, physicists say. In 2010, Eunseong 
Kim and colleagues placed a torsional oscil- 
lator in a refrigerator that could spin like a 
top. They found that the overall rotation sup- 
pressed the presumed signals of supersolidity 
(Science, 19 November 2010, p. 1033). That’s 
what should happen if the flow is real, because 
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rotation should squelch quantum flow, as they 
reported in Science. Chan and others say that 
experiment should be repeated with a double 
oscillator to see if the signals have anything 
do to with flow. 

When discussing the new results, Chan 
sounds regretful about the hoopla and debate 
that his research sparked. “I’ve been leading 
people through the desert for 10 years,” he 
says with a nervous chuckle. “With a name 
like Moses, they should have known better.” 

But others praise Chan for his honesty 
and openness. “It’s very rare for the work 


that refutes the original claim to come from 
the same scientist that made the claim,” IIli- 
nois’s Leggett says. “I think he’s behaved in 
an exemplary manner. It’s almost a textbook 
example of scientific integrity.” 

All the effort spent on supersolidity has 
not been for naught, ENS’s Balibar says. 
Solid helium’s softness at temperatures above 
0.2 kelvin—or “giant plasticity”—is itself a 
surprise that likely has quantum-mechanical 
roots, Balibar says. But, he acknowledges, 
giant plasticity won’t be as exciting as a crys- 
tal that flows would have been. -ADRIAN CHO 


Utility Sacrificed for Speed, Supercomputer Critics Say 


KOBE, JAPAN—Japan’s K computer made 
headlines in June 2011 as the world’s fast- 
est supercomputer and again last November 
when it became the first computer to top 10 
petaflops—or 10 quadrillion calculations 
per second—solving a benchmark math- 
ematical problem. But by the time it opened 
for general use last week, it had lost those 
bragging rights. In June, the IBM Sequoia 
supercomputer built for the National Nuclear 
Security Administration at Lawrence Liver- 
more National Laboratory in Livermore, 
California, became number one, notching a 
top speed of 16.32 petaflops. And now, after 
a year of testing and software development, 
as the $1.4 billion K computer is put to work 
on real-world problems, some scientific users 
say it was too narrowly built for speed. 

Being number one in the leapfrog super- 
computer race “‘is as transient as a burst of 
fireworks,” says Takafumi Matsui, a plan- 
etary scientist at Chiba Institute of Technol- 
ogy in Narashino, near Tokyo. He thinks the 
priority should have been on meeting the 
needs of scientific users. “There is no con- 
nection between being number one in terms 
of computing speed and producing scientific 
results,” he says. 

In planning since 2006, the K computer 
project aimed to advance the nation’s com- 
puter capabilities and provide a tool for the 
scientific and business communities, says 
Ryoji Noyori, a Nobel Prize-winning chem- 
ist who heads RIKEN, Japan’s network of 
national laboratories. The K computer is 
located at the RIKEN Advanced Institute for 
Computational Science here. 

But Jun Makino, a theoretical astrophysi- 
cist at the Tokyo Institute of Technology, says 
that planners set hardware benchmarks with- 
out considering how researchers would use the 
computer. “Basically, they didn’t explore dif- 


Built for speed. Japan’s K computer comprises 864 
of these water-cooled cabinets. 


ferent ways to design the machine for different 
applications,” Makino says. Had knowledge- 
able users been involved, the design of the 
processors and other key hardware compo- 
nents could have been tweaked to improve the 
performance for actual applications, instead 
of being built for pure speed on a benchmark 
problem. He believes key users and hardware 
designers should have jointly decided on basic 
design concepts to “try to find the best combi- 
nation of software and hardware.” 


Matsui is even more critical, saying the 
project was primarily to benefit Japan’s com- 
puter manufacturers. (Fujitsu built K and 
provided the key semiconductors; NEC was 
involved in planning the computer but later 
dropped out.) Developing supercomputer 
technology “was the biggest reason” for the 
project, he says. 

Many, if not most, users are just happy to 
have a faster computer. Shigeyuki Yokoyama, 
a biophysicist who heads the RIKEN Systems 
and Structural Biology Center in Yokohama, 
says he wants greater computing power but 
does not have the expertise to contribute 
ideas for a supercomputer’s architecture. He 
is planning on using the K computer to study 
drug-protein binding, and for his purposes, 
“faster is better.’ And he thinks a top-down 
approach was needed: Forming a consensus 
among the high-level users would have taken 
time, “leaving end users like me waiting for 
many years,” he says. 

Despite any shortcomings, there is no 
shortage of applicants to use the K com- 
puter. Masahiro Seki, director of the 
Research Organization for Information Sci- 
ence & Technology in Tokyo, which will 
evaluate proposals, says that there were 227 
applications for the first 62 slots. Makino is 
among those lining up. It is 500 times faster 
than the computer his group is using for 
simulations of the formation and evolution 
of dark matter halos, structures that envelop 
galaxies. “It’s the fastest computer available 
in Japan,” he says, and it will allow them to 
scale up simulations. 

Planning for the next next-generation 
supercomputer has gotten off to a better start, 
Makino says. He and other users are repre- 
sented on the three key working groups. He 
hopes user needs will be better reflected in the 
eventual design. —DENNIS NORMILE 
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CLIMATE CHANGE 


Researchers Struggle to Assess 
Responses to Ocean Acidification 


MONTEREY, CALIFORNIA—Unlike many areas 
of global change, there’s no argument that 
rising CO, emissions will make the world’s 
oceans more acidic. Average pH in surface 
waters is now 8.1—a 30% increase in acidity 
since the start of the industrial revolution— 
and forecasters say it could drop to 7.8 by 
2100 if carbon emissions continue unabated. 
But how fisheries and other marine life will 
respond is far from clear. 

Building a better crystal ball to gauge 
such effects emerged as a central chal- 
lenge facing scientists attending the Third 
International Symposium on the Ocean in 
a High-CO, World here last week. “Look- 
ing realistically into the future is hard,” 
says Jean-Pierre Gattuso, a biogeochemist 
at the French National Center for Scientific 
Research in Villefranche-sur-mer. “But we 
have to try if we want to understand what 
acidification will mean.” 

The meeting was a coming-out party of 
sorts for scientists interested in the biolog- 
ical implications of the chemical changes 
occurring as the oceans absorb huge and 
growing amounts of atmospheric car- 
bon dioxide. Just 8 years ago, an inaugural 
symposium on the topic in Paris drew only 
125 researchers from 20 nations; this year, 
more than 550 scientists from 40 nations 
showed up. The field is getting “much big- 
ger and more competitive,” Gattuso says. 

Acidification researchers are also shift- 
ing their focus. To date, many experiments 
have involved simply plopping sea creatures 
into laboratory tanks full of acidified water 
for a few days or months to see how they 
respond. Many species suffer, researchers 
reported. Fish and shellfish larvae exposed to 
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more acidic waters, for example, often fail 
to thrive: They don’t grow as big or live as 
long as those born in more alkaline waters. 
But some species show substantial resil- 
ience, reported biologist Sam Dupont of the 
University of Gothenburg, Kristineberg, in 
Sweden. After he used acidic water to com- 
pletely dissolve the shells of developing sea 
urchins, for instance, the urchins were able 
to regrow them and live normally once they 
were returned to normal seawater. 

Such limited studies, however, “can’t really 
tell you whether a species has the capacity to 
adapt to acidification, or how pH changes 
affect a larger ecosystem,” says marine 
scientist Gretchen 
Hofmann of the Uni- 
versity of California, 
Santa Barbara. 

One approach to 
leaping those limi- 
tations is to go back 
to the future, by 
looking for times 
in the fossil record 
when ocean ecosys- 
tems experienced 
similarly dramatic 
carbon dioxide— 
driven changes. 
One popular candi- 
date, known as the 
Paleocene-Eocene 
Thermal Maximum (PETM), occurred 
55 million years ago during rapid global 
warming (Science, 18 June 2010, p. 1500). 
Increasingly corrosive bottom waters appear 
to have helped drive many bottom-dwelling 
species extinct during the PETM, reported 
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Time machine. Coccolithophore fossils might help 
forecast how future pH changes will affect ocean 
phytoplankton. 
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Bubble bath. Carbon dioxide seeps off Italy give 
scientists a peek at what a more acidic ocean could 
mean for marine life. 


paleontologist Paul Bown of University Col- 
lege London. But what happened at the ocean’s 
surface is less clear. The fossil record suggests 
that many species of phytoplankton—the tiny 
plants at the base of the marine food chain— 
also disappeared but were replaced by other 
species, with little change in overall diversity. 

But such coarse measures can’t tell 
you how ancient acidification might have 
affected reproduction or growth patterns in 
these marine communities, Bown says. To 
get that more detailed view, Bown and his 
colleagues have been analyzing some exqui- 
sitely preserved fossils of PETM phytoplank- 
ton called coccolithophores, which surround 
themselves with shieldlike plates of shell. 
By studying some closely related living spe- 
cies, the researchers found that they could 
estimate ancient coccolith growth and repro- 
duction patterns by painstakingly count- 
ing the plates on individual fossils. (The 
number increases as the organisms grow.) 
So far, preliminary studies haven’t found 
deformed shells or other dramatic signs of 
lower pH, but Bown cautions against taking 
that as a sign that modern acidification won’t 
be a problem. Change in the PETM moved 
“much, much slower than today,” he says. 

To evaluate acidification’s potential 
impact on modern ecosystems, research- 
ers are also seeking out rare places where 
the future has already arrived, such as natu- 
ral sea-floor seeps where bubbling carbon 
dioxide gas dramat- 
ically lowers the 
pH of surrounding 
seawater. Studies 
of seeps off Papua 
New Guinea have 
already shown that 
tropical coral reefs 
in acidified waters 
have fewer species 
and slower growth 
rates than nearby 
reefs (Science, 
13 July, p. 146). 

Similar changes 
are apparent on rocky 
bottoms at seeps in 
the more temperate 
Mediterranean waters, reported marine biol- 
ogist Kristy Kroeker of Stanford University 
in Palo Alto, California. Offthe coast of Italy, 
she’s been studying shallow-water seeps nes- 
tled beneath a towering Medieval castle. 
There, small, fast-growing invertebrates and 
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weedy filamentous algae are displacing an 
array of larger, flashier shell-building spe- 
cies. That could be bad news for tourism 
if acidifying waters spark similar changes 
elsewhere, she says: “People are going to be 
much less likely to pay to go see a bunch of 
fleshy seaweeds.” 

A third emerging approach is to study the 
evolutionary implications of acidification 
by pursuing longer and larger experiments. 
Several teams, for instance, have launched 
years-long “rapid evolution” experiments 
to evaluate how organisms adapt to acidi- 
fied conditions. In one, a team led by David 
Hutchins of the University of Southern Cali- 
fornia in Los Angeles spent nearly 4 years 
raising about 600 generations of an impor- 
tant marine nitrogen-fixing bacterium, 
Trichodesmium, in either current or more 
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acidic conditions. Bacteria in the acidified 
tanks greatly stepped up their nitrogen- 
fixing activity over time, he reported. And, 
surprisingly, they didn’t revert back to 
lower activity when moved back into the 
less acidic tanks, “suggesting true adaptive 
changes,” he says. Genetic studies backed 
up that idea, he reported: Acidification could 
have “major implications for the future of 
the marine nitrogen cycle” by altering bacte- 
rial populations. 

Other researchers are taking to the field 
to find wild populations that have already 
adapted to acidic waters, which occur natu- 
rally in some parts of the ocean. “Basically, 
space is substituted for time, and we just 
go see if Mother Nature has already cre- 
ated populations that are fine-tuned,” says 
Hofmann, who is helping organize one such 


collaboration, the Ocean Margin Ecosys- 
tems Group for Acidification Studies (OQME- 
GAS). It is studying sea urchins and mussels 
along North America’s West Coast, where 
waters tend to get more acidic along a south- 
to-north gradient from California to Canada. 
As a result of natural upwelling, the waters 
off Oregon “are like it is already 2100,” says 
Hofmann. She reported preliminary studies 
showing that sea urchin larvae there toler- 
ate acidic water better than their California 
cousins. That early picture from OMEGAS’s 
crystal ball “is good news,” Hofmann says, 
because it suggests that the thorny urchins 
have “the resilience and genetic variation 
sufficient to tolerate” global acidification. 
Still, she says, that’s an experiment she’d 
rather not run. 

-DAVID MALAKOFF 


‘Awesome Synthesis Could Boost Protein-Based Drugs 


Like mountain climbers always on the look- 
out for a higher, more dramatic ascent, syn- 
thetic chemists constantly strive to make 
larger, more complex molecules. The chal- 
lenge forces them to invent novel chemi- 
cal techniques, and the molecules—once 
in hand—can spur further studies that lead 
to broad insights in biology and medicine. 
“When you climb a mountain, you don’t 
know what’s on the other side. But at least 
you can find out,” says Samuel Danishefsky, 
a synthetic chemist at the Memorial Sloan- 
Kettering Cancer Center (MSKCC) in New 
York City and Columbia University. 

Now Danishefsky and colleagues have 
scaled a peak that offers a good view of not 
only their latest molecular target—a protein 
known as erythropoietin (EPO)—but a host 
of other molecular landmarks as well. Last 
week, the MSKCC-Columbia team reported 
online in Angewandte Chemie that for the 
first time they had synthesized EPO with a 
uniform coating of sugar chains that deco- 
rate the outside of the natural molecule. EPO 
is a hormone produced by the kidneys that 
stimulates the production of red blood cells. 
It’s also administered as a drug, sometimes 
called a biologic, to anemia patients, as well 
as those with cancer who have undergone 
radiation and chemotherapy treatments that 
can damage red blood cells. 

“EPO is the most complex biologic syn- 
thesized to date,” says Laura Kiessling, a 
chemist at the University of Wisconsin, 
Madison, who calls the accomplishment 
“remarkable.” Peng George Wang, a syn- 


thetic chemist at Georgia State University in 
Atlanta, agrees that the new synthetic ascent 
is “an awesome achievement,” because the 
researchers not only synthesized a complex 
protein but also decorated it with a uniform 
set of sugars—a feat that has long been out 
of reach. A decade ago, “we could not imag- 
ine it could be a target. It was just too com- 
plicated,’ Wang says. Danishefsky notes that 
the feat rests on a decade of advances in fab- 


New feat. Synthesis of proteins with uniform sugar 
chains (colored shapes) should aid drug development. 


ricating portions of the protein, linking them 
together, and then coming up with novel 
chemical techniques to tie sugar chains on 
at precise locations. Although the version 
of EPO the group made has shorter sugar 
chains than those typically found in organ- 
isms, biochemical studies showed that it car- 
ried out the same function of stimulating the 
production of red blood cells. 

But Peng and others argue that the syn- 


thesis of EPO has a broader significance. 
Medicinal chemists have long synthesized 
small druglike molecules and then tweaked 
their structures and watched to see whether 
these changes reduced the compound’s 
toxicity, improved the amount of time it 
circulated in the body, or changed other 
hallmarks of a good drug. But this tweak- 
and-peek strategy has largely been impos- 
sible with complex biologics. Take EPO, for 
example. When harvested from cell cultures 
for use as a drug, it forms a mixture of mole- 
cules in which three of the four sugar chains 
differ widely. 

Researchers have long known that EPO’s 
sugars are essential to its function. But it 
has been difficult to tease out the precise 
role of all the different sugars in the vari- 
ous chains. Now, because the new synthetic 
techniques make it possible to create single 
“glycoforms” of the protein, researchers 
can synthesize different versions and sys- 
tematically test them to see how the pro- 
tein’s function changes. “That opens up an 
enormous opportunity to take the chemis- 
try and use it to probe a biologic’s secrets,” 
Danishefsky says. His group is now doing 
just that, he says. 

Wang predicts that chemists will soon 
extend the new synthetic sophistication far 
beyond EPO, with repercussions includ- 
ing illuminating how glycoproteins func- 
tion and designing novel medicines. “I think 
the implications for biomedical research are 
enormous,” he says. 

—ROBERT F. SERVICE 
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Pharma Firms Push for Sharing 


Of Cancer Trial Data 


Of the hundreds of compounds that undergo 
clinical trials for use in cancer therapy, less 
than 5% make it to the pharmacist’s shelf, 
a success rate lower than that for experi- 
mental drugs in most other fields of medi- 
cine. Now, a consortium of pharmaceutical 
companies hopes to improve that frustrat- 
ingly inefficient enterprise by getting cancer 
researchers to share data from clinical trials. 
Called DataSphere, the effort aims to create 
a repository of data sets from cancer trials 
conducted by drug companies, academic 
labs, and other organizations. The initiative, 
being organized by the CEO Roundtable on 
Cancer—a nonprofit convened in 2001 by 
George H. W. Bush—has been kick-started 
with two data sets contributed by pharma 
giant Sanofi. Other companies, as well as 
universities, are expected to contribute data 
in the coming months. The architects of the 
effort hope to make the repository available 
to outside researchers by April of next year. 
“Tt’s taking $2 billion or more to bring a 
drug to market. At the same time, we’ve got 
about the same number of people dying from 
cancer that we did 30 to 40 years ago. We 
have got to get more innovative in how we 
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Hit or miss. Cancer drug candidates have an abysmally low success rate. 


develop cancer drugs,” says Charles Hugh- 
Jones, the North American vice president of 
medical affairs at Sanofi’s oncology division. 

Researchers have talked about sharing 
clinical trial data for some time, yet pharma 
companies have worried that they could give 
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away their competitive advantage in the mar- 
ket. And academic researchers are reluc- 
tant to make their data sets freely available 
because it may hamper their ability to get as 
many publications out of the 
data as possible. Then there 
are concerns about violating 
patient confidentiality. 

But as drug development 
costs continue to rise, the 
industry appears to be more 
ready to cooperate. Just last 
month, a group of 10 pharma 
companies announced that 
they would work together 
through a newly formed non- 
profit named TransCelerate 
BioPharma to standardize 
clinical trial formats and exe- 
cution in many ways, from 
patient recruitment to how to record data. 
The hope is that it will be easier to compare 
data across drug trials if the data are in a stan- 
dard format. 

Many of the same companies are behind 
DataSphere. The consortium has spent the 
past several months discussing how to imple- 
ment the idea, which 
Hugh-Jones planned 
to discuss on 4 Octo- 
ber at an Institute 
of Medicine work- 
shop on clinical trial 
data-sharing. Those 
discussions have 
convinced consor- 
tium members that 
such sharing would 
not mean giving up 
intellectual property 
or proprietary infor- 
mation. Instead, it 
would help compa- 
nies save money by 
using the shared data 
to design more cost- 
effective trials in the 
future. DataSphere’s 
proponents estimate 
that pooling data could cut the current costs 
of developing a drug by 10%. 

Initially, drugmakers and academic institu- 
tions are expected to contribute data from the 
comparator arms of clinical trials; that is, data 
relating to the conventional therapy—often a 
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Together. Hugh-Jones says shar- 
ing data will help accelerate 
drug development. 
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generic compound—to which the experimen- 
tal drug is being compared. Pooling these data 
sets and analyzing them could provide valu- 
able insights, says Mace Rothenberg, senior 
vice president for clinical development and 
medical affairs at Pfizer Oncology and a 
member of the consortium. 

For instance, variations in outcomes for 
the same comparator drug in different tri- 
als “may have been due to differences in the 
patients,” Rothenberg says. 
“As you get larger and larger 
sample sizes, you can begin 
to say that there’s something 
emerging here. You can start 
identifying subgroups of 
patients that respond in spe- 
cific ways to a drug.” 

Hugh-Jones says Data- 
Sphere could eventually help 
researchers devise ways to 
use the comparator arms of 
past trials as proxies in new 
trials, bringing down the num- 
ber of patients that companies 
would need to recruit to test a 
particular drug. This would require approval 
from the U.S. Food and Drug Administration 
(FDA), he notes. 

To address privacy concerns, Sanofi will 
strip identifiers such as a person’s name, 
address, and date of birth from the two data 
sets it will initially contribute, Hugh-Jones 
says. One is the comparator arm of the phase 
Ill trial for cabazitaxel, which was approved 
by FDA in 2010 for use in treating metastatic 
hormone-refractory prostate cancer. The 
other is the comparator arm for the phase III 
trial of iniparib, an unsuccessful candidate for 
treatment of certain types of breast cancer. 

Hugh-Jones says he has been reaching 
out to patient advocacy groups about Data- 
Sphere in the hope that they will help popu- 
larize the sharing of clinical trial data. Many 
patients are appalled to learn that the data 
are “collecting dust in our warehouses,” 
Hugh-Jones says. “At the same time, you 
have to assure patients that the data will be 
held in a secure environment and will be 
shared responsibly.” 

DataSphere could benefit academic sci- 
entists immensely, says Amy Abernethy, an 
oncologist at Duke University School of 
Medicine in Durham, North Carolina. “It 
will help with hypothesis generation and 
stimulate new directions for inquiry,” she 
says. “At Duke, we are certainly advocating 
to contribute. My colleagues have been posi- 
tive, even when I suggest that it is ‘their trial’ 
that would be donated to DataSphere.” 

-YUDHIJIT BHATTACHARJEE 
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How Are Memories 
Retrieved? 


So much of memory is a puzzle. How can the experiences of a 
lifetime—the sights and sounds, people and places, successes and 
failures—be recorded in the soft tissue of the brain? How can those 
memories persist for decades even as the neurons that encode them 
undergo constant molecular remodeling? And how can we (more 
often than not) recall a particular bit of information almost instanta- 
neously, and with little prompting? 

This last question may be the most mysterious of all. “Retrieval 
is such a rich phenomenon,” says Michael Hasselmo, a neuro- 
scientist at Boston University. “You get a reminder from somebody 
that’s maybe just a word and you somehow turn it into a rich internal 
movie of events that you’re moving through with a perspective and 
a location and a sense of time passing.” Our memories are part of 
what makes each of us unique (see p. 35), and they give us a sense of 
self-identity and continuity as we move through life. “Without our 
memories, we’re just zombies,” says Gyérgy Buzsaki, a neuroscien- 
tist at New York University in New York City. 

The neuroscience of memory is a complex and contentious area, 
but most researchers agree on a broad-brush account that goes 
something like this, at least for episodic memories, or memories of 
events. These memories are initially encoded and stored mostly in the 
hippocampus, deep inside the temporal lobe of the brain. For long- 
term storage, memories are filed away to other areas, including 
the neocortex, the thin sheet of tissue on the surface of the brain. A 
memory of any given event, the thinking goes, is represented by a 
sparse and scattered network of neurons, such that the sights, sounds, 
and emotions associated with the experience may each reside in a 
different location. To recall that memory, the brain must somehow 
reactivate just the right subset of neurons. Many details of this pro- 
cess are not known (or are disputed). Even so, some researchers say 
it’s time to revise some aspects of the standard view—such as the 
notion that the hippocampus is not involved in retrieving older epi- 
sodic memories, and that memories become fixed and unchangeable 
once transferred to the neocortex. Newer work suggests a far more 
fluid role of memory, and one in which retrieval plays a crucial role 
in shaping memory over time. 

So what should researchers look for if they hope to learn how the 
brain recalls the past? One clue comes from functional magnetic res- 
onance imaging (fMRI) studies of the human brain suggesting that 
remembering reactivates some of the same neural circuitry as the 
original experience. Recalling a face, for example, activates a part of 
the fusiform gyrus thought to specialize in face recognition. Recall- 
ing a place evokes a different pattern of brain activity that includes 
the parahippocampal gyrus, an area that lights up when people view 
images of landscapes and other scenes. 

“We have a pretty good idea that the brain uses the same machin- 
ery for remembering that it does for experiencing things,” says 
Loren Frank, a neuroscientist at the University of California, San 
Francisco. When it comes to episodic memories, Frank says, what’s 
stored in the brain are little snippets of the experience that can be 
compiled into a kind of highlight reel. The neural signature of mem- 
ory retrieval, Frank argues, should look much like the neural signa- 
ture of the actual experience played in fast-forward. 

There’s disagreement about how fast the replay should be, but 
several labs, including Frank’s, have found something like this in the 
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brains of rats. One example is a 2008 study 
from Buzsaki and colleagues, in which the 
researchers trained rats to alternate taking 
left and right turns at a particular point in a 
maze. They found, as others had before, that 
each path evoked a specific sequence of fir- 
ing by so-called place cells in the rodents’ 
hippocampus. In a twist, the researchers then 
gave the rats a break between turns in the 
maze. They found that during this time, their 
place cells fired in sequences that predicted 
which direction they would turn on their next 
run in the maze. One sequence played when 
the rat had a left turn coming up, and a dif- 
ferent sequence played when a right turn was 
next (Science, 5 September 2008, p. 1322). 

Do these hippocampal firing sequences 
represent the rat reminding itself what it 
needs to do next? Buzsaki thinks so. “Plans 
are based on memories,” he says. Buzsaki 
speculates that such sequences also play a 
broader role in recalling episodic memo- 
ries. “The hippocampus is like a librarian,” 
he says: Its job is to record new experiences, 
help file them away to the neocortex, and later 
retrieve them on demand. In the case of epi- 
sodic memories, the firing sequence of hippo- 
campal cells might serve the same purpose 
as the identifying bar code on the spine of a 
book, indicating which subset of neocortical 
neurons represents a given memory. 

Recent studies support the concept that 
memory retrieval involves reactivating 
small but specific sets of neurons. In one, 
published online on 22 March in Nature, 
researchers used genetic engineering meth- 
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pod_6103). ing shock. When the 
researchers then reac- 
tivated those same neurons with a pulse 
of laser light delivered by an optical fiber, 
the mice froze in fearful anticipation even 
though they hadn’t seen a flash of light. 
Bridging the gap between such rodent 
studies and the human brain isn’t easy. In rare 
cases, neuroscientists have taken advantage 
of monitoring electrodes placed in or on the 
brains of epilepsy patients awaiting surgery. 
Such studies are done only when they don’t 
interfere with medical care. In a 2008 study, 
researchers asked patients to watch several 
short video clips from TV shows and movies 
and then recall as many of them as possible a 
short time later. Individual neurons in the hip- 
pocampus seemed to develop a preference for 
a specific clip, firing strongly a second or so 
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before a patient named a clip, say, from The 
Simpsons, but not when he or she recalled any 
of the other clips (Science, 3 October 2008, 
p. 96). The findings provide some of the best 
evidence that reactivation of specific hippo- 
campal neurons is involved in the conscious 
experience of memory retrieval. 

Memory researchers have also begun to 
use methods borrowed from machine learn- 
ing to analyze patterns of brain activity 
from fMRI scans on a finer scale than con- 
ventional methods allow (Science, 13 June 
2008, p. 1412). “We can actually now iden- 
tify individual memory traces by the pattern 
of activity in areas of the brain such as the 
hippocampus,” says Eleanor Maguire, a cog- 
nitive neuroscientist at University College 
London. “We can predict in an experiment 
the memory that someone is recalling.” (But 
only when the choices are limited: The tech- 
nology is nowhere close to being able to read 
out any fleeting memory that crosses some- 
one’s mind.) 

Maguire says that work by her group and 
others is beginning to challenge the dogma 
that the hippocampus is not involved in recall- 
ing older episodic memories. The overarching 
role of the hippocampus, she hypothesizes, is 
to pull together the various aspects of a mem- 
ory residing in different regions of neocortex 
and bind them into a coherent scene in the 
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mind’s eye. Recent studies suggest that the 
hippocampus even does this when people pon- 
der imaginary scenarios. By stitching together 
pieces of the past, Maguire says, the hippo- 
campus enables us not only to vividly remem- 
ber but also to envision possible futures. 
Another recent challenge to traditional 
views of memory retrieval comes from 
research suggesting that memories can be 
incrementally strengthened, weakened, or 
otherwise altered each time they’re recalled. 
“That work has changed the way people think 
about the persistence of memory,” says Yadin 
Dudai of the Weizmann Institute of Science 
in Rehovot, Israel. Such findings point to 
a more malleable memory system in which 
retrieval presents an opportunity to update 
old memories in light of new experience. Our 
repository of memories may be less like a 
library and more like Wikipedia, where each 
entry is open to editing anytime it’s pulled up. 
This type of plasticity may be crucial 
for fitting new memories into the exist- 
ing network of old memories, says 
Howard Eichenbaum, a neuroscientist at 
Boston University. “Everything you learn 
has to fit in with what you already know,” 
Eichenbaum says. How the brain accom- 
plishes that never-ending task is a puzzle 
scientists have only begun to explore. 
-GREG MILLER 
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4 NEWSFOCUS 


Why Is Mental Illness So Hard to Treat? 


“The last quarter century has seen many for- 
ward strides in the management of patients 
with mental disease. During this period 
modes of therapy have been available that are 
far superior to the old-time method of whirl- 
ing patients on wheels or ducking them into 
cold water.” So begins a 1954 article in the 
Journal of the American Medical Association 
on the calming effects of reserpine, a com- 
pound derived from an Indian plant, on psy- 
chotic patients in a California mental hospi- 
tal. Its effects were so remarkable, the authors 
wrote, that if their findings held up, “reser- 
pine will be the most important therapeutic 
development in the history of psychiatry.” 

Serious side effects ultimately prevented 
reserpine from being the game changer its 
early champions had envisioned, but other 
drugs discovered around the same time— 
including lithium for bipolar disorder, mono- 
amine oxidase inhibitors for depression, and 
chlorpromazine for schizophrenia—gave 
clinicians their first real weapons against 
mental illness. 

Flash-forward to the 21st century. Cur- 
rent psychiatric drugs are not much more 
effective than those initial medicines. 
Pharmaceutical companies have few prom- 
ising candidates in the pipeline and show 
signs of giving up (Science, 30 July 2010, 
p. 502). Meanwhile, mental illness remains 


a major cause of disability throughout the 
world. Why has it been so hard to develop 
new treatments? 

“We just don’t know enough,” says 
Thomas Insel, director of the U.S. National 
Institute of Mental Health (NIMH) in 
Bethesda, Maryland. “Research and 
development in this area has been almost 
entirely dependent on the serendipitous dis- 
coveries of medications. From the get-go, 
none of it was ever based on an understand- 
ing of the pathophysiology of any of the 
illnesses involved.” 

It’s little wonder that uncovering the roots 
of psychiatric illness has not been easy. Not 
only is the brain the most complex organ in 
the body, but it’s also harder to study. Doc- 
tors and researchers can’t biopsy a patient’s 
brain as they would a diseased kidney or 
swollen prostate. Genetic studies of psy- 
chiatric disorders may yet uncover solid 
leads for drug developers, but so far they’ve 
mostly uncovered bewildering complexity. 

There’s also the question of how well 
disorders of the human mind can be studied 
in other species. Many of the animal models 
of mental illnesses in use today were devel- 
oped decades ago to screen for compounds 
with effects similar to those of the early 
antidepressant and antipsychotic drugs, 
says Steven Hyman, who directs the Stanley 


Don't despair. Progress on new treatments for disorders of the mind has been frustratingly slow, but some 
researchers see new hope on the horizon. 


Center for Psychiatric Research at the Broad 
Institute in Cambridge, Massachusetts, and 
preceded Insel as NIMH director. In the 
“forced swim test,” for example, research- 
ers put a rat or mouse in a tub of water and 
clock how long it takes for the animal to 
stop struggling and just float, as if it’s given 
up. “This is called behavioral despair,” 
Hyman says. Of course, nobody knows if 
the rat experiences anything like what a per- 
son in the grips of depression experiences, 
but rats given imipramine, one of the early 
antidepressants, struggle longer. The forced 
swim test has in fact identified other drugs 
that turn out to have antidepressant effects 
in humans, Hyman says, but by relying 
on a test designed to find imipramine-like 
effects, researchers may have missed drugs 
that work by means of other, potentially 
more effective mechanisms. 

Hyman, Insel, and others argue that too 
much effort has been spent searching in 
the narrow beam of light cast by the early 
psychiatric drugs, looking for similar com- 
pounds or tweaking their chemistry to eke 
out improvements in efficacy, reduce their 
side effects, and—not insignificantly— 
preserve the revenue stream generated by 
patent-protected drugs. The field of psychi- 
atric medicine, it seems, got lucky early on, 
and then it got ina rut. 

However, several new tools and new ways 
of thinking could help the field gain new 
traction. One example, Insel says, comes 
from drugs that target receptors for the neu- 
rotransmitter glutamate, which recent evi- 
dence suggests can reduce hopelessness and 
suicidal ideation in people with depression 
far faster than current drugs do. “That story, 
while it’s still developing, is extraordinary 
because it tells us we need to rethink our 
expectations,” Insel says. “It may be possi- 
ble to treat this in hours instead of weeks.” 

Another encouraging inroad into 
depression comes from deep brain stimu- 
lation (DBS), in which surgeons implant 
electrodes in brain regions thought to be 
involved in regulating emotion and cogni- 
tion. The approach is still experimental, and 
only severely depressed patients who’ve 
failed to respond to less invasive treat- 
ments are eligible, but DBS seems to help 
about three-quarters of them, says Helen 
Mayberg, a neurologist at Emory University 
in Atlanta and a pioneer of this therapy. The 
success of DBS, Mayberg and others sug- 
gest, undermines the decades-old concept 
of mental illness as primarily a chemical 
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imbalance—too much or too little serotonin 
floating around the brain, for example—and 
points instead to faulty neural circuits as the 
core problem. In their quest for the next gen- 
eration of treatments, researchers should 
focus less on single molecules and individ- 
ual brain regions, Mayberg says, and think 
of the brain as “a dynamic system that has to 
be properly choreographed.” 

One powerful new tool for examining 
neural circuits at the cellular level is opto- 
genetics, which combines laser optics and 
genetic engineering to stimulate or inhibit 
specific classes of neurons in rodents and 
monkeys. Researchers have employed opto- 
genetic methods in mice to investigate the 
mechanisms of DBS therapy for Parkinson’s 
disease (Science, 20 March 2009, p. 1554) 
and to study the neural circuits involved in 
addiction, anxiety, and other conditions. 

On a larger scale, human brain imag- 
ing research is illustrating that psychiatric 
conditions are multifaceted, with different 
symptoms that can be traced to different net- 
works of brain regions, says Cameron Carter, 
a cognitive neuroscientist at the University 
of California (UC), Davis. The delusions 
and hallucinations of schizophrenia, for 


example, may involve mal- 
functions in one network, 
while disordered think- 
ing and other cognitive 
problems involve another. 
This brain-based view is 
at odds with the traditional 
approach of diagnosing 
disorders according to the 
behavioral problems and 
inner anguish they cause— 
the approach taken by psy- 
chiatry’s go-to diagnostic 
guide, the Diagnostic and 
Statistical Manual of Mental Disorders 
(DSM), published by the American Psychiat- 
ric Association. “There’s no doubt that these 
categories [in the DSM] don’t map very well 
onto nature,” Carter says. An effort to create 
a new diagnostic scheme rooted in biology, 
spearheaded by NIMH, is already under way 
(Science, 19 March 2010, p. 1437). 

And studies of the human genome may 
yet lead to innovative drugs for mental ill- 
ness. Researchers have identified hundreds 
of genetic variants that increase the risk of 
autism, for example. Making sense of this 
deluge of new data is a challenge, but there 
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are some hints of con- 
vergence: Many of the 
autism risk genes appear 
to be involved in com- 
mon biological functions, 
such as synaptic signal- 
ing and brain develop- 
ment. Researchers now 
have novel tools at their 
disposal to follow up on 
these leads, including 
the ability to create neu- 
rons from reprogrammed 
stem cells from patients 
(Science, 26 November 2010, p. 1172). 
Gene expression profiling—investigat- 
ing the activity of thousands of genes—in 
these human neurons could help research- 
ers identify the biological pathways dis- 
rupted by autism risk genes and screen drugs 
to correct them, says Daniel Geschwind, a 
neurogeneticist at UC Los Angeles. “I’m 
extremely optimistic that [by] using a com- 
bination of these methods we’re going to be 
developing new classes of drugs,” he says. 
“T think we’re on the threshold of something 
really exciting.” 

-GREG MILLER 


Why Are Our Brains So Big? 


With an average volume of about 1400 cubic 
centimeters, the human brain is more than 
three times as large as that of the chimpanzee, 
our closest living evolutionary cousin. And 
although the brains of whales and elephants 
are bigger in absolute terms, once adjusted 
for body weight the size of the Homo sapiens 
brain outstrips that of any other animal. 

For the past 2 decades, the leading expla- 
nation for why natural selection bestowed 
such generous largesse on the human nog- 
gin has been the social brain hypothesis. 
The researcher with whom the idea is most 
closely associated, psychologist Robin 
Dunbar of the University of Oxford in the 
United Kingdom, has argued that brain 
size—and particularly the size of the brain’s 
neocortex—most closely correlates with the 
size of a species’ social group. Keeping track 
of who is doing what to whom, Dunbar and 
other researchers argue, requires consider- 
able processing power, and so bigger groups 
demand bigger brains. 

Numerous studies by Dunbar and oth- 
ers appear to support the link between a spe- 
cies’ group size and neocortex size, especially 
among primates (Science, 7 September 2007, 
p. 1344). And recently, a number of brain- 
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scanning studies in humans and monkeys 
have found correlations between the size 
of social networks and that of specific brain 
areas linked to sociality (Science, 4 November 
2011, p. 578). One study of people, for exam- 
ple, found a positive relationship between 
gray matter density and the number of Face- 
book friends an individual has. 

“The social brain hypothesis is widely 
accepted and has generated a huge amount 
of research,” says Robert Seyfarth, a bio- 
logical anthropologist at the University 
of Pennsylvania. Yet there are competing 
explanations for our big brains, and Seyfarth 
and other researchers are concerned that 
Dunbar’s formulation may be too simplistic 
to account for the complex course of human 
brain evolution. The social brain hypothe- 
sis “now needs to be balanced against other 
complementary hypotheses and more fully 
integrated” with evidence from cognitive 
neuroscience, says Robert Barton, an evo- 
lutionary anthropologist at Durham Univer- 
sity in the United Kingdom. 

Researchers generally agree that our large 
brains have something to do with how smart 
we are and why we were able to take over the 
planet. But if the evolutionary path to a big 
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brain were easy, one might think that every 
animal would have one. Yet brains use a lot 
of energy, and most species have maintained 
smaller ones throughout their evolution, 
apparently avoiding the cost of fueling all 
that processing power. 

One key question is whether a species’ 
group size, which is usually considered a 
proxy for its social complexity, was the driv- 
ing factor in the evolution of bigger brains, or 
if it was the other way around: Natural selec- 
tion could have favored larger brains for other 
reasons, such as greater innovation in food- 
foraging and tool-using skills, which then 
made larger social groups possible. 

Richard Byrne, a cognitive neuroscien- 
tist at the University of St Andrews in the 
United Kingdom, argues that great apes 
like chimps, gorillas, and humans evolved 
larger brains “to solve challenging food- 
acquisition problems better than monkeys,” 
with whom they competed for resources in 
the wild. His “Machiavellian intelligence” 
hypothesis, formulated in the late 1980s 
with St Andrews colleague Andrew Whiten, 
focused on the cognitive challenges of bal- 
ancing competition and cooperation within 
primate groups, and was a forerunner to the 
social brain hypothesis. 

These challenges, Byrne says, led to brains 
better equipped to understand cause and 
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The smart set. Macaques live in com- 
plex social groups and have brains larger 
than expected for their body size. 


effect—necessary for the development of tool 
use, such as fishing termites out of trees with 
sticks as wild chimpanzees do, and under- 
standing the intentions of other individuals, 
thus making ever-more-complex social rela- 
tions possible. 

A similar emphasis on food-gathering 
innovations has been argued by biologists 
Simon Reader of McGill University in 
Montreal, Canada, and Kevin Laland of St 
Andrews. Reader says that although he finds 
the new brain-scanning studies showing cor- 
relations between the sizes of certain brain 
regions and group size “particularly inter- 
esting,” there are likely to be “multiple driv- 
ers of cognitive evolution” that “need not be 
mutually exclusive.” 

Dunbar, however, rejects the notion that 
food-foraging innovations alone selected for 
big brains, and then the capacity to live in 
large groups “came for free.” Living in large 
groups, Dunbar says, is “hugely costly” in 
time and energy. 

Beyond offering alternatives to the social 
brain hypothesis, Seyfarth and some other 
researchers have also challenged its assump- 
tions. They argue that group size is too crude 
a measure of the brain-taxing demands of 
social relationships. “The best predictor 
of reproductive success is the nature of the 
social relationships animals form, which are 
often with a smaller fraction of the entire 
group,” Seyfarth says, citing his own studies 
and those of others, especially with baboons. 


Recently, a team led by Carel van Schaik, 
a primatologist at the University of Zurich 
in Switzerland, has put forward what it calls 
the “cultural intelligence hypothesis,” which 
attempts to incorporate a broader range of 
factors, including an animal’s behavioral flex- 
ibility and social learning—the transmission 
of skills and information within a species. 
Van Schaik and his colleagues argue that the 
social brain hypothesis does 
a poor job of predicting the 
brain size of primates such 
as orangutans and aye-ayes, 
whose social relations are 
relatively simple and yet 
who have larger brains than 
closely related primates 
living in much more com- 
plex social groups. And the 
team points out that small- 
brained hyenas and even 
some bats live in societies 
as highly complex as those 
of many primates. 

“The social brain 
hypothesis seems to be too 
narrow,” van Schaik says, 
adding that the cultural intelligence hypothe- 
sis incorporates the “ecological skills learned 
through social learning processes, whereas 
the social brain hypothesis mainly or exclu- 
sively focuses onsocial skills.” 

But Dunbar insists that his version of the 
social brain hypothesis also incorporates 


“Primates doa 
balancing act between 
maintaining group 
cohesion and using 
close allies to buffer 
themselves against 
the costs of group 
living, which is no 
mean feat cognitively.” 


—ROBERT DUNBAR, 
UNIVERSITY OF OXFORD 


these additional factors. “I don’t really see 
the difference” between the two hypotheses, 
Dunbar says. For him, culture is just another 
“mechanism that allows the social brain to 
do its work.” And he rejects the idea of treat- 
ing ecological and social factors as two sep- 
arate domains. 

“The evolutionary logic is that animals 
need to increase group size to solve one or 
more ecological prob- 
lems, such as the risk from 
predators, that are best 
solved socially,’ Dunbar 
says. But living in large 
groups has its own costs 
in time and energy, espe- 
cially when competition 
arises, he adds. This leads 
individuals to also form 
smaller, more close-knit 
alliances of the type that 
Seyfarth and others have 
observed. “Primates do 
a balancing act between 
maintaining group cohe- 
sion and using close allies 
to buffer themselves 
against the costs of group living, which is no 
mean feat cognitively,’ Dunbar says. 

For now, just how the human brain got 
so big remains a puzzle. Fortunately, natural 
selection has already made it big enough that 
this is one mystery we might someday solve. 

—-MICHAEL BALTER 
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Why Are You and Your 


Brain Unique? 


Take a seat in any coffeehouse or pub, and 
odds are it won’t be long before you overhear 
people talking about why someone behaves 
the way they do. You might catch two moth- 
ers talking about whether a child’s short 
attention span was inherited from his father. 
Or two friends speculating on whether a 
mutual acquaintance is so neurotic because 
of the way she was raised. The differences 
in our individual talents and tendencies, and 
their origins, are an endlessly fascinating 
conversation topic. 

They’re becoming a hot issue for scien- 
tists, too. Now that the nature vs. nurture 
debate has been declared a draw, researchers 
have turned their attention to how genetics 
and life experiences interact to make each 
person’s brain unique. Recent work has pro- 
vided clues about the neural basis of indi- 
vidual differences in behavior, cognition, 
and even personality, but there’s still much 
we don’t know. 

Virtually every brain-based trait that’s 
been examined, including general intelli- 
gence, personality traits such as extraver- 
sion, and the risk of mental illness, turns out 
to be influenced by the genes one inherits, 
says Robert Plomin, a behavioral geneticist 
at King’s College London. “You don’t 
find that any [traits] are 100% heri- 
table,’ Plomin says. “You do find 
that some are somewhat more 
heritable than others.” 

That leaves a lot of 
room for our brains to 
be molded by environ- 
mental influences. Neu- 
roscientists have long 
thought that experi- 
ences early in life have 
an especially power- 
ful influence on brain 
development, and 
although that’s proba- 
bly true, recent research 
suggests that even older 
brains may be more mal- 
leable than once thought 
(see p. 36). Our memories also 
make each of us unique, and they 
pose scientific mysteries of their 
own (see p. 30). 

Genes and life experience certainly 
interact to generate individuality. One 
much-discussed and debated example 
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involves the gene for a protein that shut- 
tles the neurotransmitter serotonin back 
into neurons after it’s been released. People 
who possess a particular variant of this gene 
were more likely to experience symptoms of 
depression and suicidal thinking, and were 
more likely to receive a formal diagnosis of 
depression—but only when they also expe- 
rienced a stressful life event, such as the 
loss of a job or a loved one (Science, 18 July 
2003, p. 291). 

Plomin thinks our genes may also shape 
our environment. One of the most puzzling 
findings in behavioral genetics, Plomin says, 
is the observation that the genetic influence 
on intelligence appears to be strongest later 
in life. That is, while studies of children gen- 
erally find that about 20% of individual dif- 
ferences in intelligence can be attributed to 
genetics, that figure increases with the age 
of the group examined and reaches 80% 
in some studies of older adults. A possible 
explanation, Plomin suggests, is that genes 
nudge people toward choices that shape their 
environment in a particular way, which in 


True colors. New imaging methods that highlight 
connections between brain regions could yield new 
clues about what makes each brain unique. 
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turn affects their intellectual prowess. It may 
be that what’s inheritable about intelligence 
is not so much raw brainpower, Plomin says, 
but the propensity to engage in certain activ- 
ities: “Do you read books and talk to people 
who make you think more, or do you loboto- 
mize yourself with television?” Such small 
decisions could snowball over the course of 
a lifetime. It’s a difficult hypothesis to test, 
but it’s not intractable, Plomin says. 
Another insight into how genes and 
the environment can conspire to influ- 
ence behavior comes from epigenetics, a 
field concerned with the chemical altera- 
tions to DNA and its associated proteins 
that result in long-lasting changes in gene 
expression. Recent studies, mostly with 
mice, have linked physical abuse and other 
adverse experiences early in life to epigen- 
etic changes that alter the brain’s response 
to future stressful events (Science, 2 July 
2010, p. 24). Epigenetics may also amplify 
individuality by interjecting an element of 
randomness into how genes are expressed 
that ultimately affects behavior, says Moshe 
Szyf, an epigeneticist at McGill University 
in Montreal, Canada. Szyf notes that studies 
with genetically identical lab mice and with 
human identical twins have consistently 
found individual differences in epigenetic 
alterations to DNA. These epigenetic modi- 
fications “are enzymatic processes that are 
prone to error,” Szyf says. “And that can just 
stochastically create differences in the 
way genes are expressed in the brain.” 
Other researchers have been 
studying another potential 
source of random variation in 
gene expression in develop- 
ing brain cells: so-called 
jumping genes, wander- 
ing bits of DNA that can 
insert themselves into 
other genes and alter 
their function (Science, 
15 April 2011, p. 300). 
But so far it’s not clear 
what effect this has 
on brain function, let 
alone behavior. 
For the most part, 
neuroscientists have 
viewed individual differ- 
ences in brain anatomy and 
activity as a source of statis- 
tical error rather than a source 
of insight, says Geraint Rees, a 
cognitive neuroscientist at University 
College London. Most neuroimaging 
studies, for example, average brain activity 
across people, in part because that requires 
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fewer subjects and cuts down on expen- 
sive scanner time. But individual variations 
in the brain aren’t hard to find for those 
who look. 

Rees says his interest was piqued by 
studies finding that the size of the human 
primary visual cortex can vary up to three- 
fold. He wondered whether that resulted 
in differences in vision, an idea his lab 
has been investigating with a combination 
of optical illusions and functional mag- 
netic resonance imaging (fMRI). At the 
end of 2010, Rees’s group reported online 
in Nature Neuroscience that people with a 
smaller visual cortex more strongly experi- 
ence certain illusions in which the apparent 
size of an object depends on its visual con- 
text. The findings suggest to Rees that even 
something as basic as how we perceive the 
world around us varies from person to per- 
son in subtle ways that can be traced to vari- 
ations in brain anatomy. 

Richard Haier, a neuroscientist at the 
University of California, Irvine, is one of 
the few intrepid scientists who’ve waded 
into the potentially touchy realm of individ- 
ual differences in the brain that influence 
intelligence. His work, beginning in the late 
1980s, has identified a network of regions of 
parietal and frontal cortex whose anatomy 
and activity correlates with scores on tests 
of general intelligence. At the same time, 
Haier’s work suggests that this network 
isn’t identical in all individuals with similar 
intelligence scores. In other words, smart 
brains may be built in a variety of ways. 

The largest study ever undertaken to look 
at individual wiring variations in the human 
brain is the Human Connectome Project, a 
5-year, $38.5 million effort funded by the 
U.S. National Institute of Mental Health. 
Now in its third year, the project aims to 
enroll 1200 healthy adults for a battery of 
behavioral tests and brain scans, includ- 
ing diffusion imaging scans that show con- 
nections between regions of the brain. The 
overall goal is to investigate individual vari- 
ations in brain structure and activity and 
how they may correlate with differences in 
memory, emotion, and other functions, says 
David Van Essen of Washington University 
in St. Louis, Missouri, who is one of the 
project’s leaders. 

The project will also examine herita- 
bility of brain characteristics by enrolling 
300 pairs of twins, plus one or more non- 
twin siblings for each pair. Researchers will 
collect DNA for genotyping and possibly 
whole genome sequencing if the cost drops 
enough by the final year of the project, Van 
Essen says. 


“’m confident we'll see 
interesting individual 


differences.” 


—DAVID VAN ESSEN, 
WASHINGTON UNIVERSITY IN ST. LOUIS 


Whether the differences in neural cir- 
cuitry that make each person unique will 
be visible at the resolution of MRI scans 
is an open question. “It’s sobering for sure 
that the resolution is only at the level of a 
millimeter or two, which means that each 
voxel contains literally hundreds of thou- 
sands of neurons or axons,” Van Essen 
says. (A voxel is the smallest volume of 
brain tissue discernable in a brain scan.) 
“But I’m confident we’ll see interesting 
individual differences.” 

Other researchers are working on far 
more detailed maps of neural circuitry. 
Sometimes called microconnectomics, 
these efforts employ recently developed 
methods in genetic engineering, automated 
microscopy, and image analysis to map out 
the synaptic connections of individual neu- 


rons. So far, the approach has been applied 
only to millimeter-size chunks of tissue in 
worms and mice, but some researchers see a 
microconnectome of the human brain as an 
ultimate if distant goal. 

It’s not clear what such a circuit diagram 
would reveal. Proponents think it would 
explain a great deal about how the brain 
works and about the nature of individual dif- 
ferences. Critics contend that deciphering 
brain function from a circuit diagram—no 
matter how detailed—is like trying to fig- 
ure out what a computer does by studying its 
wiring diagram. In both cases, the circuitry 
may say something about what the machine 
is capable of, but it’s the precise pattern of 
electricity coursing through it at a given time 
that determines what it’s actually doing. 

It seems far off, but there may yet come 
a day when brain scans and genetic tests can 
predict—with enough accuracy to matter 
in the real world—an individual’s mental 
strengths and weaknesses, predisposition 
to psychiatric problems, or maybe even his 
favorite color. In the meantime, in the cafes 
and bars, there will be plenty to discuss. 

—-GREG MILLER 


Can We Make Our Brains 


More Plastic? 


Rewiring the brain is hard work, and as 
we age it gets even more difficult. A baby 
exposed to multiple languages can, with- 
out apparent effort, become fluently bilin- 
gual or even trilingual. Most adults have to 
work much harder to master new languages, 
and few are able to achieve the fluency of 
native speakers. 

There are good reasons that our brains 
become less flexible as they mature: A 
developing brain gives up some of its 
plasticity in favor of efficiency and stability. 
“A fully plastic brain is not very helpful,” 
says Gerd Kempermann, a neuroscien- 
tist at the Center for Regenerative Thera- 
pies Dresden and the German Center for 
Neurodegenerative Diseases. “It learns 
everything but remembers nothing.” Too 
much plasticity may also play a role in some 
neurological disorders, including epilepsy 
and schizophrenia. 

In certain situations, however, more plas- 
ticity could be helpful, making it easier for 
patients to recover after a stroke or spinal 
cord injury, for example. And it would be 
nice to effortlessly pick up the intricacies 


of Russian grammar. So, will we one day 
be able to turn on—and control—our brain 
plasticity at will? 

Neuroscientists have begun to under- 
stand a few of the factors that govern the 
flexibility of certain parts of the maturing 
brain. By studying the development of sen- 
sory systems such as sight and hearing, 
they have uncovered a network of genes 
and proteins that influence so-called criti- 
cal periods, windows of time in which the 
brain is primed for certain types of input. It 
is during these critical periods that the brain 
becomes wired for certain tasks, such as 
turning the signals received from the eyes 
into recognizable images, or distinguish- 
ing sounds present in spoken language. If a 
brain doesn’t receive the right inputs during 
a critical period, it is extremely difficult to 
recover from the deficits that result. Chil- 
dren born with cataracts or a lazy eye will 
never see clearly unless the condition is cor- 
rected in the first years of life. Both mice 
and humans that lack adequate social con- 
tact as babies and juveniles have permanent 
behavioral and cognitive deficits. 
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Plasticity potential. A newborn neuron in an adult mouse brain. 


The critical periods that arise earliest in 
development govern senses such as sight, 
hearing, and balance. Later ones govern 
higher-order skills such as language acqui- 
sition and social interactions. Most critical 
periods occur during infancy and childhood, 
when the brain is still growing and produc- 
ing new neurons. But more important than 
the new cells are the connections the neu- 
rons make with each other. Connections that 
receive reinforcement are strengthened and 
protected, for example, by the growth of 
myelin sheaths around axons. Connections 
that go unused are pruned back. 

In recent years, evidence has mounted 
that the critical periods close not only 
because plasticity-driving signals decrease, 
but also because the brain begins to produce 
signals that limit new connections between 
cells. When scientists use genetic tricks to 
remove these brakes on brain plasticity in 
experimental mice, the critical periods last 
well into adulthood. That’s encouraging to 
those who wish to improve plasticity in adult 
humans, says Carla Shatz, a neuroscientist at 
Stanford University in Palo Alto, California. 
Boosting the plasticity of an adult human 
brain may not require replacing a whole net- 
work of signals that turn on that flexibility, 
she suggests. “Just take away the brakes,” 
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she says, and the brain can perhaps recover 
its lost capabilities. 

In lab animals, at least, that’s possi- 
ble: Researchers have bred mice that lack 
some of the various genes that act as plas- 
ticity brakes. When these so-called knock- 
out mice lose sight in one of their eyes for a 
few days—the researchers suture it shut— 
their brains quickly compensate and reas- 
sign more area to the good eye, a process 
that resembles the plasticity seen in newborn 
brains. The mutant mice also recover from 
strokes better than control animals. And in 
several tests of neural function, they seem 
like supermice. On a rotarod, a kind of motor 
skills test for lab mice that resembles a log- 
rolling contest, the knockout animals “are 
like Olympians,” Shatz says. She and her 
colleagues have done a range of behavioral 


—GERD KEMPERMANN, 
CENTER FOR REGENERATIVE 
THERAPIES DRESDEN 
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tests on their knockout mice. So far, “they’re 
really good at everything.” That’s certainly 
not the whole story, she adds: “There has to 
be some downside.” 

One likely disadvantage is that too 
much rewiring can lead to short circuits— 
in a brain, that could mean seizures. Indeed, 
those same knockout mice respond to a 
smaller dose of seizure-inducing drugs 
than typical mice. In humans, the result of 
unleashing brain plasticity might be epi- 
lepsy. Shatz notes that unexplained epilepsy 
is much more common in childhood—when 
the brain is more plastic in many areas—and 
some epilepsy patients eventually outgrow 
their disease. A newborn “has to learn things 
fast or it’s not going to survive. It’s worth 
the risk of instability. But it’s kind of dan- 
gerous to learn that fast. Once the organism 
has acquired fundamental experiences, you 
slow it down a bit and put on these brakes,” 
Shatz says. Closing critical periods may also 
provide a firm foundation for further brain 
development, says Brigitte Roder, a neuro- 
psychologist at the University of Hamburg 
in Germany. “If you’re always shaking the 
basement, you can’t build a taller house,” 
she says. Takao Hensch, a neuroscientist at 
Boston Children’s Hospital, notes that miss- 
ing plasticity brakes are suspects not only 
in epilepsy but also in schizophrenia and 
Alzheimer’s disease. 

Some evidence suggests that the brain’s 
plasticity can be augmented without the 
danger posed by completely removing the 
brakes. Michael Merzenich, a neuroscien- 
tist and professor emeritus at the Univer- 
sity of California, San Francisco, explores 
how certain kinds of sensory signals— 
mainly sound and touch—can rewire adult 
brains. He and his colleagues have shown 
that specially designed computer games 
can improve performance on memory and 
other cognitive tasks in both children and 
older adults, even months after the training 
stops. Research led by Daphne Bavelier, a 
neuroscientist at the University of Geneva 
in Switzerland, has shown that play- 
ing action video games, such as Medal of 
Honor, can improve vision and several 
kinds of cognitive skills. 

The success of those games might be 
linked to the brain’s reward and attention sys- 
tems, Hensch says. Several of the molecules 
identified as plasticity brakes involve these 
pathways. Two drugs that enhance atten- 
tion, fluoxetine (better known as Prozac) 
and Aricept, can lengthen or even reopen 
critical periods in experimental mice. Both 
drugs are now in clinical trials for revers- 
ing the effects of lazy eye in childhood, and 
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in one clinical trial fluoxetine helped stroke 
patients recover lost motor skills. 

Fluoxetine also seems to influence 
another type of brain plasticity, the growth 
of new neurons throughout life in certain 
parts of the brain. Although most neuro- 
genesis stops in childhood, two areas of 
the brain keep producing new neurons: the 
subventricular zone, which connects to the 
olfactory bulb; and the subgranular zone of 
the dentate gyrus, a part of the hippocam- 
pus. There are several ways to boost the pro- 
duction of new neurons in these regions; 
increased physical exercise and exposure to 
unfamiliar or complex environments are two 
clear neurogenesis enhancers. Fluoxetine 
and other antidepressants that act through 
the dopamine pathway also increase the neu- 
ronal birthrate and may keep the newborn 
neurons flexible longer. 

What this ongoing production of neu- 
rons means for the brain is unclear, how- 
ever. Although the rate of adult neurogenesis 
in an individual’s brain is correlated with 
certain kinds of learning, the connection is 
not straightforward. 

Some evidence points to the idea that in 
the dentate gyrus, the new neurons may aid 
the brain in adjusting to new environments, 
perhaps by helping the brain detect unfamil- 
iar aspects of an otherwise familiar setting. 
Kempermann has proposed that adult neuro- 
genesis might be an adaptation that has 
helped certain animals—mice and humans, 
for example—to adapt to and thrive in a 
wide variety of unstable ecological niches. 

The new neurons “are an extreme form 
of plasticity,’ says Fred Gage, a neurosci- 
entist at the Salk Institute for Biological 
Studies in San Diego, California. He and 
his colleagues have found that the newborn 
cells seem to have their own critical period, 
lasting roughly 4 weeks, during which they 
are particularly excitable. (Recent stud- 
ies suggest that fluoxetine might lengthen 
this period.) Gage speculates that the birth 
of neurons provides a continually fresh 
source of short-term critical periods for cer- 
tain kinds of learning throughout life. The 
newborn neurons “are young kids that 
respond to everything,” he says. By the time 
one set of neurons has grown up and settled 
down, there’s another set of cells ready to 
take their place. 

Determining how those new neurons 
interact with the circuits already in place 
might help scientists better understand 
how the circuits are wired in the first 
place—and how to safely and efficiently 
rewire when needed. 

—-GRETCHEN VOGEL 
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The brain poses many more than just the five quandaries we've highlighted 
on these pages. Delve into any one of them and you'll soon run into another. 
Remembering the past (p. 30), for example, is a significant part of human 
experience, which raises one of the slipperiest questions in all of science: 
What is the biological basis of consciousness? (See Science, 1 July 2005, 
p. 79.) The elusive nature of that problem has convinced some researchers 
to stick to memory. “It’s as close to consciousness as | can get and still look 
myself in the mirror in the morning,” quips Loren Frank, a neuroscientist at 
the University of California, San Francisco. Below are six more mysteries of 
the brain that any neuroscientist should be proud to tackle. -GREG MILLER 


Star power. Researchers now realize that star-shaped astrocytes do more 
than just clean up after neurons. Recent studies find that they help shape 
synaptic connections in the developing brain, influence synaptic function 
throughout life, and may go haywire in a number of neuropsychiatric disor- 
ders. Given that astrocytes make up nearly half the cells in the human brain, 
we know too little about them. 


Uncharted territories. What the heck does the habenula do? Or how 
about the retrosplenial cortex? Some brain regions get all the love from neu- 
roimagers (yes, we're talking about you, anterior cingulate), while others get 
ignored. There’s still much to learn about these rarely studied regions, their 
anatomical connections, and their contributions to cognition and behavior. 


Snooze fest. Why we sleep isn’t just a mystery of the brain, but consid- 
ering that it's the brain that switches animals into slumber mode, the organ 
must be at the heart of it. Do animals sleep simply to conserve energy and 
stay out of trouble in the dangerous dark? Or is sleep necessary, as some 
newer research suggests, to reset the brain to meet the challenges of a 
brand-new day? And what, if anything, does dreaming accomplish? 


What's the code? Asking how information is encoded in the nervous 
system may be one step shy of asking how the brain works. But getting 

a better handle on how neural firing patterns—or is it which neurons are 
doing the firing?—represent information is crucial for understanding every- 
thing we do, including perception, memory, and decision-making. 


Getting reconnected. The inability of the central nervous system of 
adult mammals to regenerate after injury is a vexing puzzle. Research with 
rodents has led to a better understanding of the cellular signals that put the 
brakes on such repair. But translating that work to people with spinal inju- 
ries remains an elusive goal. 


Feeling immune. Many immune system proteins take on different roles 
in the brain, and immune responses are known or suspected contributors to 
a number of brain disorders. Yet scientists have only scratched the surface 
of how the immune system and nervous system interact. Recent findings 
that the gut microbiota may act through the immune system to influence 
the brain and behavior add another intriguing twist. 
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NextGenVOICE 


Results: Big Ideas 
In July, we asked young scientists to describe the one big idea in their field that they wish every 
non-scientist understood. 


We heard from nearly 200 readers. A sample of the best responses can be found below. To allow 
for as many voices as possible, in some cases we have printed excerpts of longer submissions. To 
read the complete versions, as well as many more, go to http://scim.ag/NextGen4Results. 


Submit Now: Experiments in Governing 


Add your voice to Science! Our new NextGen VOICES survey is now open: 

You've just been elected to your nation’s highest office! In your inaugural address, announce 
the biggest challenge facing your country today and how you will use science to address it. 
To submit, go to http://scim.ag/NextGen5 


Deadline for submissions is 16 November. A selection of the best responses will be published 
in the 4 January 2013 issue of Science. Submissions should be 250 words or less. Anonymous 
submissions will not be considered. Please submit only once. 


EDUCATION FORUM | 


NextGen Speaks 


RECENTLY, AT THE LONDON 2012 OLYMPIC 
Games, a famous Austrian swimmer found 
a creative explanation for his moderate 
success: He argued that intelli- 

gent athletes have a disad- 
vantage in competitions 
because they tend to think 
too much. In an attempt to 

' prove his claim, he pointed 
to an intelligent alpine skier 
who only won four World Cup 
races and an—in his opinion— 

rather unintelligent one who won more than 
50. This might be an extreme example, but 
we encounter causal oversimplification and 
faulty generalizations so often in our daily 
lives that we barely notice them anymore. 
What makes matters worse is that politicians 
throughout the world—be it intentional or 
not—use logical fallacies as tools to justify 
unmoral actions and gain votes, inciting rac- 


ism, sexism, and fear as collateral dam- 
age along the way. Their success is based 
on the lack of a basic understanding of 
logical fallacies and critical thinking. 
Much more than from a specific scien- 
tific concept, our society would benefit from 
knowledge of (and training in) scientific rea- 
soning. The Austrian swimmer—although 
apparently hindered by his intelligence— 
managed to win 34 medals at major events 
throughout his very successful career. 
RUDOLF GRISS 
Laboratory of Protein Engineering, Ecole Polytechnique 


Fédérale de Lausanne, Lausanne, CH-1015, Switzerland. 
E-mail: rudolf.griss@epfl.ch 


| WISH EVERY NON-SCIENTIST UNDERSTOOD 
[that].... [c]Jarbon markets are our best cli- 
mate policy alternative because (through the 
availability of carbon offsets) they create 
options for lowest-cost climate change miti- 
gation.... The fact that carbon offsetting can 
be good seems to have been lost in an ideo- 


Insects drive 
selection 


PERSPECTIVES 


logical debate about devel- 
opment justice, achieving 
emissions reductions in 
established industries, and 
the blind pursuit of gover- 
nance rigor.... Scientific per- 
spectives have been largely over- 
looked. We need offsets that contribute to 
genuine sustainable outcomes, but we also 
need to make progress on climate change 
mitigation, and offsets enable a more eco- 
nomically palatable transition. 

PAUL DARGUSCH 
School of Geography Planning and Environmental Manage- 


ment, University of Queensland, Brisbane, QLD 4072, Aus- 
tralia. E-mail: p.dargusch@uq.edu.au 


| AM AN ENVIRONMENTAL TOXICOLOGIST, 
and I wish that people understood the con- 
cepts of hazard and risk and the differences 
between the two. Chemicals are 
hazardous—even things we 
might think of as benign or 
“natural”—but they only 
cause a problem when they 
reach a concentration that is 
associated with a hazard. Risk 
[is a measure of both] hazard and 
exposure. I am frustrated by news and social 
media outlets that incite fear of “hazardous 
chemicals” in the general public without 
ever considering the level to which exposure 

is occurring. 
KATHERINE COADY 


The Dow Chemical Company, Midland, Ml 48674, USA. 
E-mail: ktcoady05@gmail.com 


... NUMEROUS RECENT EXAMPLES OF RAPID 
phenotypic evolution in wild populations, 
occurring over the span of just a few gen- 
erations, have taught modern biologists that 
evolutionary change is something we can 
often observe directly. Yet the average non- 
scientist (perhaps even the average non- 
biologist) thinks that evolution can only 
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Microbiota 
and cancer 


crawl through the millennia at a 
pace that is slower than anything 
humans can easily imagine. This 
mindset allows many to safely 
ignore evolution, or, worse, 
reject it entirely.... [T]he misun- 
derstanding that evolution occurs 
primarily ona geologic time scale 
has impeded societal endeavors 
such as human medicine, harvest 
of natural resources, and con- 
servation efforts. But times are 
changing. Physicians are updat- 
ing antibiotic dosage suggestions to curb 
the evolution of drug-resistant patho- 
gens. Fisheries management agencies 
are applying life history 
theory to effectively 
manage wild stock. 
Conservation groups are 
realizing the importance of 
conserving genetic varia- 
tion in threatened species.... 
A public grasp of one of the big- 
gest ideas in contemporary evolutionary 
biology is within reach. 
STEPHEN P. DE LISLE 
Department of Ecology and Evolutionary Biology, Univer- 


sity of Toronto, Toronto, ON M5S 3B2, Canada. E-mail: 
s.delisle@utoronto.ca 


[| WISH EVERY NON-SCIENTIST UNDERSTOOD] 
the immunology underlying vaccines. It 
frustrates me to no end that available, effec- 
tive inventions to combat disease 

aren’t always used due to media 
reporting and mass hysteria. 
If the public and media net- 
works fully understood the 
science behind vaccines, 
preventable deaths could be 
avoided. 


ADITI HALDER 


University of Queensland, St. Lucia, QLD 4067, Australia. 
E-mail: aditi.halder@uqconnect.edu.au 


| WISH THE PUBLIC UNDERSTOOD THE ENDO- 
symbiotic theory. In realizing that mitochon- 
dria have a radically different genome than 


Neurobiology 
Prize Essay 


what exists in our nuclear DNA, 
one has to grapple with a star- 
tling idea: Life as we know 
it would not exist without 
these small organelles, once 
mere foreign bodies inside our 
single-celled ancestors. For 
all our arrogance, humans are not 
independent from other life on this planet; the 
story of the natural world is not only about the 
struggle of individual species but about the 
relationships between them. Understanding 
our interconnectedness provides plenty of 
food for thought—and thoughtful citizens 
make thoughtful stewards. 
JILLIAN WALKER 


Department of Biological Sciences, California State Polytech- 
nic University, Pomona, CA 91768, USA. E-mail: jswalker@ 
csupomona.edu 


| WORK IN THE FIELD 
of medical genetics 
and genetic counsel- 
ing, an area where the 

contact with the non- 

scientific public is very 

intense. It would be great if we could bet- 
ter explain concepts related to risk of recur- 
rence, recessive inheritance, and de novo 
mutations.... Sometimes it is very difficult to 
alleviate the sense of guilt that parents of mal- 
formed children experience. ... 


EDUARDO PREUSSER DE MATTOS 


S 


Department of Genetics, Genetics and Molecular Biology 
Graduate Program, Federal University of Rio Grande do Sul, 
Porto Alegre, Rio Grande do Sul, 91501-970, Brazil. E-mail: 
eduardo.mattos@ufrgs.br 


...THE IDEA OF EVER- 
increasing complexity is 
rooted in a strong adher- 
ence to the old Aristotelean 
world view of hierarchical 
classification of living things, which still 
permeates our everyday thinking. But in 
this case, it is time to let it go. The past two 
decades provided plenty of evidence that 
the endless variety of forms surrounding 
us is the product of just a handful of sig- 
naling pathways and gene regulatory mod- 
ules, which are used iteratively over and 
over during development. Just as the imag- 
inative combination of a limited number 
of Lego bricks can create a dazzling array 
of forms, so can changes in the regulation 
of key genes create new pigmentation pat- 
terns, new appendages or new behaviors. 
If people came to terms with this concept, 
most likely they would accept more readily 
our place in nature as just one branch on the 
Tree of Life... 


MATE VARGA 


Department of Genetics, Edtvés Lorand University, Buda- 
pest, H-1117, Hungary. E-mail: m.varga@ucl.ac.uk 


[| WISH NON-SCIENTISTS 
understood] the idea that one 
of the biggest threats to pub- 
lic health is the rise in the 
drug-resistant pathogens. 
Due to increased global 
trade and travels, these patho- & 
gens can spread easily. Our global 
research system is necessary and timely. We 
never know when local problems and solu- 
tions may become global, and every part of 
the world has a contribution to make. 
PATRICK KOBINA ARTHUR 
Department of Biochemistry, Cell and Molecular Biol- 


ogy, University of Ghana, Legon-Accra, Ghana. E-mail: 
parthur@ug.edu.gh 


...| WORK WITH DIFFERENT SPECIES OF 
fungi, many of which are pathogens....I wish 
more people, non-scientists as well as some 
prominent scientists, understood that organ- 
isms that cause disease are defined as patho- 
gens only in relation to the organisms they 
affect....Pests causing infestations and epi- 
demics are usually an integral part of the eco- 
system. Often, we overlook the fact that dis- 
eases occurring at a larger scale are caused 
by an ecosystem imbalance.... 
[M]any times, imbalances 
are caused by anthropo- 
genic factors and are indi- 

cators of our own short- 
sighted harmful activities 
that lead to medical and 
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environmental catastrophes. ...[I]f more peo- 
ple adopted a less anthropocentric percep- 
tion of their existence, they would be freer to 
plan a sustainable future in the long term with 
research efforts and funding perhaps shifting 
toward. ..biodiversity and conservation. 
LJERKA LAH 
Laboratory for Molecular Biology and Nanobiotechnol- 


ogy, National Institute of Chemistry, Ljubljana, SI-1000, 
Slovenia. E-mail: ljerka.lah@ki.si 


| AM IN SCIENCE POLICY AND | WISH EVERY- 
one had a better understanding 


Technology Policy and Geopolitical Affairs, The Boeing 
Company, Seattle, WA 98101, USA. E-mail: anish.goel@ 
boeing.com 


in nature, and studying 
merely genetics or simple 
in vitro models is not suf- 
ficient in recapitulating 
the environmental factors 
that we are exposed to across 
the years.... If everyone can take a small 
step to mitigate possible deleterious gene- 
environment interactions by altering their 
lifestyles, we can potentially reduce our 
healthcare costs even without discovering 
novel treatments to delay or reverse the pro- 
gression of the diseases plaguing the devel- 


...A CLEAR UNDERSTANDING OF PHARMA- 
cogenomics would lead to 
safer prescriptions, reduced 
risk of adverse side effects, 
minimized healthcare 
cost, and improved clini- 
cal outcomes. In addition, 
a better understanding of 
this concept will encourage 


that science itself is not politi- the public to participate in clinical trials in 


oped world. 
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cized or inherently supportive 
of one party or another. Too 
many people, I think, believe 
that science serves only a par- 
ticular viewpoint or political 
argument. In reality, science is 
the underlying foundation on which 
to make policy decisions that may or may 
not hinge on the science itself. With a better 
understanding of that, I hope people would 
not be as quick to criticize scientific reports 
and the scientists who produce them based 
solely on the conclusions. 


order to bridge the knowledge gap among 
clinicians, scientists, and the non-medical 
community. This will pave the way for the 
advancement of medicine and improvement 
of standard practice. UNCERTAINTY. IT DOES NOT MEAN | DON'T 
know. It is quantifiable. It is under- 
standable. Communication 
between non-scientists 
and scientists would 
improve greatly if non- 
scientists understood sci- 
entific uncertainty. I work 
between the fields of environ- 
mental engineering and ecology 
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[| WISH NON-SCIENTISTS UNDERSTOOD] THE 
concept of gene-environment interaction that 
could predispose us to the progression of cer- 
tain diseases. Diseases are often multifaceted 


CREDITS: (LEFT) ANISH GOEL/BOEING; OTHER PHOTOS COURTESY OF THE AUTHORS 


Downloaded from www.sciencemag.org on October 5, 2012 


ANISH GOEL 


Neurodegenerative 


and Neuropsychiatric 
Disorders Research: 


A Cerebral Career Choice 


In This Issue 


As people live longer, the incidence of age-related diseases, such as Alzheimer’s 
disease (AD), will also increase. This potential for increased incidence of AD, as well as 
other neurodegenerative diseases such as Parkinson’s disease (PD) and amyotrophic 
lateral sclerosis (ALS), introduces a critical need for medical breakthroughs that prevent 
or slow the progression of these diseases. Likewise, neuropsychiatric disorders such as 
depression and schizophrenia contribute to a substantial proportion of disability among 
both younger and older individuals. As a result, the field of neuroscience holds a wealth 
of career opportunities for graduate students and postdoctoral scientists now and in the 
decades to come. 


oe Ss 
Explore the cultural heritage of 
ancient Greece and pay homage to 
the great Parthenon Temple on the 
Acropolis. Visit the Oracle at Delphi, 
against the backdrop of Mt. Parnassos. 
On Crete we'll unravel the mysteries 
of the Minoans. $3,995 + air 

For a detailed brochure, 

please call (800) 252-4910 


All prices are per person twin share + air 


See full story on page 142. 


Upcoming Features 

Top Employers Survey (print edition)—October 19 
European Regional Focus—November 9 
Faculty—February 1, 2013 


BETCHART EXPEDITIONS inc. 


17050 Montebello Rd, Cupertino, CA 95014 
Email: AAASInfo@betchartexpeditions.com 
www.betchartexpeditions.com 


42 5 OCTOBER 2012, VOL 338 SCIENCE www.sciencemag.org 


Published by AAAS 


CREDITS: PHOTOS COURTESTY OF THE AUTHORS 


in interdisciplinary research. My work links 
to sensitive issues such as climate change 
and environmental pollution. We are scien- 
tists, not fortune-tellers or psychics read- 
ing into the future. No, we cannot predict 
every exact detail what will happen because 
of human impacts on the Earth system. But, 
using scientific observations combined with 
sophisticated models, we can determine a 
range of what could happen and what most 
likely will happen.... 

SARAH M. ANDERSON 
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[| WISH NON-SCIENTISTS WOULD HELP] @-& 


stop overuse of antibiotics....[A]ntibiotic 
use for any kind of abnormal physiological 
condition is a common practice in develop- 
ing countries like Nepal. 
Even though we are not 
sick, we use antibiot- 
ics in our daily life, 
for example, cosmet- 
ics, shampoo, and meat 
from antibiotics-treated 


animals....Improper use and overuse of anti- 
biotics are the major reasons for the increase 
in multi-drug—resistant bacterial strains. 
Bacteria may gain sovereignty again over 
humankind unless everyone stops overuse 
and misuse of antibiotics. 
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..AS A NEUROSCIENTIST WORKING ON 
learning and memory, I wish every non- 
scientist could appreciate 
the beauty of our sophisti- 
cated neural circuits and 
understand that dramatic 
enhancement of human 
intelligence is optimisti- 
cally possible.... 
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..AS A PH.D. STUDENT, ONE OF THE MOST 
challenging—and sometimes discourag- 
ing—things for me to explain to a non- 


LETTERS 


scientist is why I chose to 
be a scientist, and why my 
research matters. The sat- 
isfaction and joy I have 
when accomplishing a hard- 
earned research project, add- 
ing valuable data to a long- 
term study, or discovering a new question to 
explore can be intangible to a non-scientist. 
I don’t expect non-scientists to fully under- 
stand why I chose my career path, but the 
notion that science is a critical component 
to understanding our world, now more than 
ever, seems lost on many.... 
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AGRICULTURE 


Infusing Evolutionary Perspectives 


Allison A. Snow 


aking a cue from Darwinian medicine 
| (1), Darwinian Agriculture offers an 
engaging and bold explanation of why 
agricultural research must take better advan- 
tage of insights from evolutionary biology. 
A provocative and compan- 
ionable author, agronomist R. 
Ford Denison (University of 
Minnesota) spent much of his 
career at the University of Cal- 
ifornia, Davis. His writing var- 
ies from scientifically rigor- 
ous to casually anecdotal and 
from caustic to empathetic, 
as he describes the mistakes 
and successes of crop breed- 
ers, molecular biologists, and 
agroecologists who have taken on agricul- 
ture’s great challenges. He has a deep inter- 
est in plant physiology, organic farming, and 
evolutionary biology, all of which contribute 
to the originality of his views on agriculture. 
Denison argues that current efforts to 
improve agriculture are “risking failure” 
if core principles of Darwinian thinking 
are ignored. Noting that rapid evolution in 
weeds, pests, and pathogens is already well 
documented, he explores other terrain, offer- 
ing fresh perspectives on how to improve 
crop breeding and agronomic practices. He 
examines food security and sustainable farm- 
ing issues through an evolutionary lens, prob- 
ing and searching for missed research oppor- 
tunities that could enhance crop yields. 
Among these is the development of crop 
traits that would not be favored by natural 
selection, such as Norman Borlaug’s low- 
stature wheat and other crops that produce 
very high yields by allocating more resources 
to grain at the expense of height and competi- 
tive ability. Denison believes that additional 
opportunities for “reversing” past natural 
selection and thereby breeding more “coop- 
erative” plants that boost crop yields could 
help alleviate global deficiencies in agricul- 
tural production. In other words, crop breed- 
ers should take note whenever traits that favor 
individual fitness under natural conditions— 
such as aggressive root growth or horizon- 
tally positioned leaves—can be jettisoned in 
favor of traits that improve overall yield by 
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enhancing the performance of the entire crop 
population. 

Ever skeptical of biotech’s silver bullets, 
Denison contends that using genetic engineer- 
ing to enhance tradeoff-free photosynthetic 
efficiency or water-use effi- 
ciency may be extremely chal- 
lenging because millions of 
years of natural selection may 
have already experimented 
with mutations that enhance 
plant fitness through these 
traits. Likewise, agroecolo- 
gists who attempt to select for 
high grain yields from peren- 
nial grasses are unlikely to 
achieve what annual plants 
can offer because of underlying tradeoffs 
between perenniality and seed pro- 
duction. Denison argues that both 
genetic engineering and mimicry of 
natural ecosystems have the poten- 
tial to improve agriculture, but only 
if evolutionary tradeoffs are under- 
stood and taken into account. 

Broadly accessible, the book is 
perfect for discussion-based semi- 
nar courses and forward-thinking 
plant scientists. To fully appreciate 
the author’s message, I recommend 
reading each chapter in sequence, 
taking time to pause and reflect on 
key concepts and examples before 
moving on. Denison covers many 
topics in crop ecology and evolu- 
tionary biology—touching on ideas 
of Thomas Malthus, Garrett Hardin, 
W. D. Hamilton, Richard Dawkins, and Wes 
Jackson, among others—and cites scores 
of peer-reviewed papers, several of which 
he critiques along the way. For example, he 
asks why a high-profile paper on genetically 
engineered drought tolerance in maize did 
not report available data from nondrought 
conditions, where yield tradeoffs may be 
lurking. He also questions the general appli- 
cability to agriculture of David Tilman’s 
research showing that species-rich grass- 
lands are more productive than monospe- 
cific plots (which had a lot of bare ground). 
Further, he exposes the confounding influ- 
ence that plant spacing can have in yield tri- 
als of new cultivars. Jacob Weiner’s studies 
of how tightly packed, evenly spaced plant- 
ing patterns can reduce weed competition 
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Less competitive. Shading from taller plants selects against 
the shorter wheat varieties of the Green Revolution that allo- 
cate more resources into seeds. 
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are praised, as are Richard Sayre’s efforts 
to engineer safer cassava that degrades its 
cyanide content during processing. I found 
Denison’s high scientific standards and 
probing analysis of key studies to be com- 
mendable and balanced. 

Calling himself a “troublemaker” for 
perpetually asking a lot of questions, Deni- 
son comes across as part genius and part 
dreamer. He is comfortable with an astound- 
ing diversity of topics, including how long the 
world’s supply of phosphorus will last, why 
crop rotation works better than polyculture, 
how legumes impose “sanctions” on low- 
performing nitrogen-fixing bacteria in their 
roots (and how breeders might enhance this 
trait), and the extent to which past natural 
selection has already perfected many physi- 
ological traits that are relevant to agriculture. 
Yet he also likes to digress; not every reader 
will be fascinated by forays into the defensive 
chemicals produced by bacteria on fungus- 
farming ants. Nor will all readers be receptive 
to terms like the recurrent “nature’s wisdom” 


or the oft-repeated and obvious point that the 
structure and function of natural ecosystems 
have not evolved to maximize productivity 
(and therefore should not be imitated by agro- 
ecologists on this basis). 

Nearly everyone will find something 
to argue about in this rambling, thought- 
provoking book, and I think that is part of 
the author’s intent. By challenging the status 
quo and infusing Darwinian principles more 
centrally into agricultural research, Denison 
invites readers to test his hypotheses, build on 
them, and think more creatively about how to 
feed the world. This I applaud. 
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EVOLUTION 


They've Kept On 
Keeping On 


Emma Sherratt 


ime travel is enticing to us; we relish 

the prospect of journeying back to 
see for ourselves how history actually 
happened. We have documents and archeo- 
logical remains to tell our story, but imagine 
what more we might learn if some key char- 
acters in human history were still alive today. 

In Horseshoe Crabs and Velvet Worms, 
Richard Fortey offers a colorful tale of 
extraordinary (and often unfamiliar) plants 
and animals that are ancient in origin and still 
found in present-day habitats. They are usu- 
ally referred to as living fossils because they 
closely resemble organisms that lived hun- 
dreds of millions of years ago, 
known from their remains and 
impressions in rocks. Fortey 
explains that these “‘living 
fossils’ may not be the ances- 
tor, but they are survivors 
carrying a precious legacy 
of information from distant 
days and vanished worlds.” 
These organisms that “time 
has left behind” offer a novel 
approach to understanding the 
history of life. 

However, Fortey prefers 
not to use the term “living fos- 
sil” because it insinuates they 
have not changed at all. “On 
this dynamic earth, nothing 
stays still: neither climate, nor 
life, nor the oceans and continents, although 
they all move to different rhythms.” That is, 
these organisms have changed over time, but 
they have also retained features that are per- 
haps primitive, because if something worked 
for their ancestors, why change it? Instead, 
“survivor” seems a much more fitting title, as 
it conjures up the image of a well-worn trav- 
eler that has endured all of the difficulties life 
has thrown at it. 

The star survivor in the book is probably 
the horseshoe crab. There are four extant spe- 
cies of these prehistoric-looking, armored 
arthropods (not actually crabs), the most pro- 
lific living on the Atlantic and Gulf Coasts of 
North America and three less common ones 
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in Asia. Prehistoric indeed—today’s horse- 
shoe crabs appear remarkably similar to fos- 
sil species that are more than 500 million 
years old. Over this time, the world’s biodi- 
versity was intermittently decimated by five 
major extinction events, yet horseshoe crabs 
carried on. 

Clearing these mass extinction hurdles is 
undoubtedly what makes the horseshoe crab 
story so impressive. And they are not alone. 
Coelacanths may be the most famous; they 
certainly warrant the epithet living fossil, as 
the fish were known from the rock record 
before being discovered alive off the coast of 
Africa. But perhaps the most alluring exam- 
ples are the really ancient survivors, those 
that paved the way for all other organisms. 
Fortey takes readers to a beach on the west 
coast of Australia to introduce stromatolites, 
slimy cushion-shaped mounds, built by a liv- 
ing biofilm of cyanobacteria. These are the 
most ancient organic structures. “We should 
all be grateful to slime,” Fortey 
quips, because these bacte- 
ria changed the ancient atmo- 
sphere by adding oxygen. Fos- 
sil stromatolites date back to 
a staggering 3.5 billion years 
ago; their discovery trans- 
formed the way we understand 
early life on Earth. 

By the means of such 
organic time machines, Fortey 
leads readers on a thrilling 
journey to exotic locations and 
others close to home, climb- 
ing up and down the tree of life 
to tell the stories of the many 
“messengers from deep geo- 
logical time.” The tree analogy 
provides a map for his excur- 
sions. And there is no one better with whom 
to take this trip than Fortey—a paleontologist 
retired from the Natural History Museum in 
London and marvelous natural history writer. 
Often humorous, continuously captivat- 
ing, the author demonstrates his distinctive 
approach to narrating stories of both the won- 
derful creatures and the people who dedicate 
their lives to studying them. Undoubtedly, the 
book will be as much at home on the coffee 
tables of natural history enthusiasts as it is on 
the shelves of science graduates. 

Fortey completes the journey with an 
overview of life’s history through mass 
extinctions, hammering home the astonishing 
survivorship of these organisms. What is their 
secret? It might be adapting to change. Vel- 
vet worms, specialist predators of termites, 
appeared a long time before termites, so their 
lineage must have had the ability to exploit 


new prey. It may also be physiology. Horse- 
shoe crabs’ blood is special because it clots 
when exposed to bacteria, thus sealing off an 
infection. Living where few else can survive, 
such as the highly saline environment of stro- 
matolites, is certainly a clever strategy. How- 
ever, the survivors’ longevity may also simply 
be attributed to luck. And Fortey reminds us 
that the luck of these organisms and countless 
others could soon run out—because of the 
destruction and exploitation of contemporary 
ecosystems by one species, us. 
10.1126/science.1228913 
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Zoologist and photographer Naskrecki provides 
an image-rich survey of organisms and habitats 
that have persisted with little change for up to 
hundreds of millions of years. These horseshoe 
crabs (Limulus polyphemus) spawning on a 
Delaware Bay beach are among the many 
intriguing “contemporary manifestations of 
Earth's distant past” that he discusses. 
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ENERGY 


Deploying Off-Grid Technology 
to Eradicate Energy Poverty 


Benjamin K. Sovacool 


without electricity, and 2.7 billion 

depended on wood, charcoal, and dung 
for domestic energy needs (/—5). This lack 
of access to modern energy limits income 
generation, blunts efforts to escape poverty 
(6), affects the health of women and chil- 
dren (7), and contributes to global defores- 
tation and climate change (8). Small-scale 
renewable energy technologies and distrib- 
uted energy options, such as diesel generators 
and improved cookstoves, offer rural house- 
holds modern energy services (6). Programs 
involving governments, businesses, nonprofit 
organizations, banks, and community coop- 
eratives have expanded access to these tech- 
nologies and their services in recent years. 

But technology alone is insufficient, and 
in deploying it, we face pernicious barriers. 
Drawing from scholarship in community gov- 
ernance and common pool resources (9—/3), 
as well as field research in 10 Asian countries 
(see the table), this article offers “design prin- 
ciples” or “ideal conditions” for overcoming 
many of these barriers. As one village leader 
told the author, “classically, energy planners 
have seen the access question as one involving 
‘givers’ and ‘takers’: the utility giving elec- 
tricity or donors giving technology, and the 
consumers taking it. This completely places 
the energy services provider and consumer 
into a false dichotomy.” This dichotomy can 
lead to project failure, as seen in Malaysia, 
India, Indonesia, and Papua New Guinea (see 
the supplementary materials). 

Electric utilities defer expanding access 
to underserved or poor areas because such 
expansion is believed to mitigate commer- 
cial profit (14). Public-sector actors can be 
stymied by their inability to implement or 
finance projects and are always under pres- 
sure to satisfy other urgent public needs. 
National planners may hesitate to promote 
off-grid renewable energy projects, because 
the technology must be imported or they 
may want to look for “free money” through 
international donations (/5). Government 
agencies have prioritized expanding access 
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for urban, rather than rural, areas, and they 
suffer rapid turnover in staff, due in part to 
uncompetitive pay and unstable political 
climates (/6). 


Prioritize High-Impact Actions 

To overcome these sorts of obstacles, plan- 
ners, retailers, and implementers should 
select “low-hanging fruit” first, achieving 
maximum impact on expanding access to 
modern energy services with minimal effort. 
Widely accepted in energy and climate policy 
(17, 18), this idea is not always recognized in 
energy development circles, partly because 
of poor education of staff in best practices, 
as well as limited investment in pilot proj- 
ects and evaluation. Successful efforts should 
strive to recognize behavioral plasticity— 
attitudes influencing acceptance or rejection 
of a technology—alongside sheer technical 
potential (/0). When structured to emphasize 
maximum penetration at least cost, measur- 
able benefits can exceed their expense. Evalu- 
ations of Nepal’s Rural Energy Development 
Programme (REDP), for example, have doc- 
umented as much as $8 in benefits per house- 
hold for every $1.40 expended (/9). 


Enable Sufficient Financial Incentives 

Effective programs almost always offer finan- 
cial assistance to overcome the first cost hur- 
dle related to off-grid energy technology— 
another idea accepted in energy policy litera- 
ture but sometimes forgotten among practitio- 
ners who either have large enough budgets to 
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Projects must account for social and behavioral 
factors influencing renewable energy 
technology adoption. 


give technology away at no cost or who oper- 
ate in countries that lack robust financing or 
microfinancing sectors (20, 2/). Microcredit, 
such as small low-interest loans, is used in 
Bangladesh to purchase cookstoves, solar 
home systems, and biogas units. In Laos, Pro- 
vincial Electricity Supply Companies (PES- 
COs) own and lease solar home systems for 
a weekly fee. Cost-sharing from communities 
can lower expenses. Microhydro projects in 
Nepal and Sri Lanka asked for voluntary land 
donations for construction of canals, pen- 
stocks, power houses, and distribution lines. 
It also required villagers to contribute labor 
and civil works. Proper emphasis of these 
interventions is on affordability rather than 
installed capacity. 


Distribute Reliable Information 

Foreign technical experts and bankers design 
and implement most energy development 
programs, and they do not always have reli- 
able information about domestic attitudes 
and local markets. Yet, valid information on 
energy technologies and delivery programs 
must circulate between credible sources and 
people, including energy end-users them- 
selves. This can occur through formal pro- 
grammatic demonstration efforts and/ 
or informal social networks. In the cases 
examined here, marketing and promotion 
involved publication and distribution of cat- 
alogs; informational brochures; product dis- 
plays; Web sites; and advertisements in print, 
radio, or on television. In Bangladesh, Gra- 
meen Shakti conducted large demonstrations 
of solar and biogas devices and employees 
made door-to-door visits to familiarize com- 
munities with technology. REDPs in China 
and Nepal, the Renewable Energy for Rural 
Access Project (REAP) in Mongolia, and the 
Energy Services Delivery Project (ESDP) in 
Sri Lanka did “road shows” where experts 
demonstrated technologies in rural areas. 


Maintain Quality Assurance 

Prefeasibility studies are important before 
a project commences as are rigorously set- 
ting and monitoring technological standards 
and after-sales service and maintenance. 
Yet these are often missing in existing pro- 
grams because of limited resources and/or 
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a belief that managers already know what’s 
best without the need for consultation or 
assistance. Successful programs frequently 
start with pilot programs before initiating 
full-scale projects and scaling up to greater 
production or distribution volumes. Inde- 
pendent evaluations of project performance, 
and/or penalties for noncompliance make a 
difference—as does setting realistic expec- 
tations. Grameen Shakti in Bangladesh 
closed offices and refused to pay participat- 
ing organizations if they did not meet finan- 
cial requirements. The REDP in China and 
REAP in Mongolia fined manufacturers mil- 
lions of dollars for violating technical stan- 
dards. The ESDP in Sri Lanka required that 
villagers interested in hydro schemes estab- 
lish an electrical consumer society, solicit 
a project developer, fulfill administrative 
requirements, and obtain verification from 
a chartered engineer before they proceeded 
with loan applications. Successful programs 
emphasize after-sales service and mainte- 
nance, ensuring that rural populations or 
technicians care for systems. This can occur 
on the “supply side” through product guar- 
antees, warranties, and assurances to buy 
back systems if communities are connected 
to the grid; or the “demand side” through 
training and free maintenance. The Mongo- 
lia REAP, for example, gave financial sup- 
port for warranties and after-sales service 
call centers. 


Encourage Nested Institutional Arrangements 
Effective programs tend to receive exter- 
nal political support, including a dedicated 
or experienced implementing agency, inte- 
gration with other policies and regulations, 
and a clear project champion. Approaches 
to secure such political support are com- 
plex and beyond this article’s scope, but it is 
clear that planners may want to limit time and 
money spent on projects without such sup- 
port because they may be hard-pressed to 
succeed and sustain themselves. The ESDP in 
Sri Lanka, for instance, was backed by pub- 
lic subsidies for electrification, as well as a 
renewable portfolio standard and tax credits; 
its advocates changed the constitution so that 
off-grid and grid-connected developers had 
legal rights to distribute and sell electricity. 
Effective programs distribute responsi- 
bilities among diverse stakeholders, espe- 
cially nonstate actors and community lead- 
ers. This allows for sharing of risks as well as 
“nested” organizational multiplicity, which 
can create checks and balances. Involve- 
ment of women’s groups, multilateral donors, 
rural cooperatives, local government, manu- 
facturers, nongovernmental organizations, 


and consumers can increase performance of 
partnerships. Such input can accelerate feed- 
back to correct errors and handle disputes 
and can improve legitimacy, because pro- 
grams with broader support are less likely to 
be opposed, protested, or even attacked dur- 
ing civil wars and internal conflicts (22, 23). 
Typically, effective programs transcend mul- 
tiple scales, from self-governance (e.g., com- 
munity-formed microhydro functional groups 
in Nepal, cooperatives in Indonesia, and 
PESCOs in Laos) to national agencies (e.g., 
the Sustainable Energy Authority of Sri Lanka 
or Alternative Energy Promotion Center in 
Nepal) to international actors [e.g., the United 
Nations Development Programme (UNDP), 
World Bank, Global Environment Facility], 
making them “polycentric” (/2, /3). 


Build Human Capacity 

Efficacious programs undertake capacity- 
building, including strengthening techni- 
cal or managerial capacity of private and 
public firms and educating villagers and 
communities about productive energy uses. 
Planners can neglect to build capacity out 
of hubris, thinking that their institutions 
already have sufficient expertise; a desire 
to focus on the “simpler” act of deploying 
technology instead of the more difficult act 
of building human institutions; or, in rare 
cases, bias and corruption. Effective inter- 
ventions have built private-sector capacity 
through basic research grants; manufac- 
turing and production loans; and efforts to 
standardize, certify, and test technology. 
Programs can train staff at rural electricity 
companies, cooperatives, and manufactur- 
ers in tariff setting, metering, billing, rev- 
enue management, accounting, and audit- 
ing, as well as formulating business plans, 
advertising, and marketing. Other private- 
sector support can include staff recruitment 
and education, establishment of rural out- 
lets, and expansion of inventory. Public- 
sector capacity can be improved through 
recruiting new staff, devising electrification 
and renewable energy deployment master 
plans, operating databases and new com- 
puter systems, and conducting feasibility 
studies and resource assessments. Assis- 
tance can enhance the ability to monitor and 
evaluate projects, report results, arrange 
bulk purchases, and create or upgrade gov- 
ernment research and testing laborato- 
ries. Community-scale programs can edu- 
cate households about energy and income 
generation (e.g., China’s REDP offered 
nomadic herders tips on using solar elec- 
tricity for lighting and to separate milk and 
cheese and for charging mobile phones). 


Conclusion 

Rural energy users must be viewed not as 
passive consumers but as active participants 
in energy projects. None of these principles 
or this shift in focus is necessarily new. Yet, 
energy development practitioners may be too 
busy, too determined to push a particularly 
“favorite” technology, or too proud to learn 
from each other and the academic literature 
to take them into account. In some cases, 
maldevelopment or negative impacts can 
occur if programs waste precious resources. 
Practitioners, and those interested in energy 
development, could start by shifting how 
they conceive of energy technology and pro- 
gram structure (table S4). No matter how daz- 
zling and promising advances in energy sci- 
ence and technology may be, it will have an 
extremely limited effect in eradicating energy 
poverty unless programs take these principles 
into consideration. 
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EPIDEMIOLOGY 


Malaria in the Post-Genome Era 


Brian Greenwood’ and Seth Owusu-Agyei” 


en years ago, the genome sequence of 
| the mosquito Anopheles gambiae, the 
most important vector of malaria in 
Africa, and the genome sequence of Plasmo- 
dium falciparum, the most dangerous human 
malaria parasite, were published (/, 2). It was 
anticipated that these remarkable pieces of 
research heralded a bright future for malaria 
control. Has this happened? The genome 
projects have made some contribution to the 
development of new malaria tools, such as 
new vaccine candidates, but a decade is prob- 
ably too short a period for the research to be 
translated into success in the field. Knowl- 
edge gained from the genome projects may 
contribute more substantially in the coming 
decade as efforts to control infection increas- 
ingly focus on development of new drugs, 
insecticides, and vaccines. 

Mortality from malaria has fallen in the 
past decade, although there is disagreement 
over exact numbers. The World Health Orga- 
nization (WHO) estimates 655,000 deaths 
from malaria per year (95% confidence limits 
of 537,000 to 907,000)—with about 90% of 
those deaths in Africa in 2010 (3)—whereas 
the Institute of Health Metrics and Evalua- 
tion reports 1,238,000 deaths per year (95% 
confidence limits of 929,000 to 1,685,000) 
because of inclusion of a greater number of 
deaths outside Africa and a large number of 
deaths among adult Africans (4). How can a 
difference of this magnitude be explained? 
In developing countries, many deaths occur 
at home and the cause can be ascertained 
only by a postmortem verbal questionnaire, 
which has poor specificity. Determinations 
of cause of death in hospitals may be incor- 
rect because of inadequate diagnostic facili- 
ties. Thus, even complex statistical analyses 
of the global number of deaths from malaria 
must have wide confidence limits. Unfortu- 
nately, this factor is often ignored, so state- 
ments about the numbers of malaria deaths 
in response to environmental factors or con- 
trol strategies may not give a true picture of 
the situation. This is damaging, and better 
methods are needed for monitoring progress 
in malaria control—a topic currently being 


1Faculty of Infectious and Tropical Diseases, London School 
of Hygiene and Tropical Medicine, Keppel Street, London 
NW3 5AB, UK. ?Kintampo Health Research Centre, Kin- 
tampo 200, Ghana. E-mail: brian.greenwood@lshtm.ac.uk; 
seth.owusu-agyei@kintamp-hrc.org 


www.sciencemag.org SCIENCE VOL 338 5 OCTOBER 2012 


reviewed by WHO’s recently established 
Malaria Policy Advisory Committee (5). 

Data from some individual countries con- 
firm the decline in deaths from malaria, but 
this has not been seen in all countries. In 
Africa, the decrease has been most marked on 
the continent’s periphery, and there has been 
little change in the central areas where trans- 
mission is highest. The major reason for suc- 
cess is the increased political profile given to 
malaria as a result of enhanced advocacy by 
organizations such as the Roll Back Malaria 
partnership and the consequent provision of 
substantial funds for malaria control (about 
$2 billion per year) by international and bilat- 
eral donor organizations. This has allowed 
the scale-up of existing, proven tools (con- 
ceived before the genomes were sequenced) 
for malaria control, such as simple rapid diag- 
nostic tests, artemisinin-based combination 
therapies, artesunate for treating severe cases, 
long-lasting insecticide-treated bednets and, 
in some countries, indoor residual spraying 
of households with DDT or pyrethroid-based 
insecticides. Another reason for recent suc- 
cesses has been the increasing involvement 
of well-trained scientists from endemic coun- 
tries in malaria research and control. 

Despite these successes, challenges to 
control of malaria abound. Technical chal- 
lenges come from the appearance of malaria 
parasites partially resistant to artemisinins 
in Southeast Asia (6), with a possibility of 
their spread to Africa, and increasing evi- 
dence that A. gambiae is becoming resistant 
to pyrethroids (7) threatens the effectiveness 
of long-lasting insecticide-treated bednets 
in Africa. These developments highlight the 
need to sustain research on discovering new 
antimalarial drugs and insecticides. So far, 
the genome projects have made only a lim- 
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New approaches to malaria control should 
include the development of tools that rely on 
genome-based information. 


ited contribution to the development of new 
malaria control tools; new drugs and vac- 
cines developed during the past decade have 
been based largely on existing technologies 
and targets. But knowledge gained from the 
genome projects should contribute more 
substantially in the future to creating more 
potent tools by providing, for example, a bet- 
ter understanding of drug (8) and insecticide 
resistance (9) and in identification of new can- 
didate targets for drug and vaccine develop- 
ment. Indeed, new approaches that are being 
explored include vaccines against A. gam- 
biae, the use of sterile male mosquitoes to 
control vector populations, genetic modifica- 
tion of mosquitoes to make them resistant to 
malaria infection, and infecting mosquitoes 
with engineered bacteria that inhibit parasite 
development. Many of these approaches rely 
on genome-based information. Such work is 
being undertaken by organizations such as 
the Medicines for Malaria Venture (/0), the 
Innovative Vector Control Consortium (//), 
and individual academic groups. 

Perhaps the greatest hope for control- 
ling malaria is pinned on vaccination. Good 
progress is being made with RTS,S/ASO1, a 
vaccine that provides about 50% protection 
against uncomplicated and severe malaria in 
children aged 5 to 17 months at the time of 
vaccination (/2). Other promising vaccine 
candidates are in clinical trials (3). There is 
also renewed interest in malaria eradication 
(disappearance of the last malaria parasite )— 
a goal attempted during the 1950s and 1960s 
without success—and some readjustment 
of the research agenda is being undertaken 
accordingly with a focus on drugs and vac- 
cines that block transmission (/4). However, 
it is now widely accepted that unless there is 
some major new technical development that 
is currently not foreseen, such as a new way 
to interrupt mosquito behavior, this goal is 
many decades away. For now, optimum use of 
existing tools should allow the elimination of 
malaria (through interruption of local trans- 
mission) in an increasing number of countries 
on the margins of areas of highest transmis- 
sion (“shrinking the map”) (75) and a further 
reduction in the burden of malaria in areas 
where elimination is not yet feasible. 

Several highly endemic countries in 
Africa are making sound economic progress 
and should be encouraged to take on increas- 
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ing financial responsibility for their national 
malaria control programs. The international 
financial crisis and redirection of politi- 
cal and financial attention to other pressing 
global health problems such as malnutrition 
and family planning are potential threats to 
the investment needed to sustain and expand 
malaria control and research. Past experience 
shows the disastrous consequences of letting 
up on effective malaria control. It’s time to 
reap the benefits of the mosquito and parasite 


genomes to aggressively tackle this disease. 
Otherwise, this highly adaptable parasite and 
its vector will continue to outwit us and con- 
tinue to kill millions. 
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How Insect Herbivores Drive 
the Evolution of Plants 


J. Daniel Hare 


he most common 

biological interac- 

tion among species 
on Earth is that between 
plants and the insects that 
feed on them (/). Insect 
herbivores are thought to 
impose natural selection, 
which favors resistant plant 
genotypes and drives the 
evolutionary diversification 
of plant species. Two reports 
in this issue—by Ziist et 
al. on page 116 (2) and 
Agrawal et al. on page 113 
(3)—independently provide 
strong empirical evidence 
for the rapid evolution of 
plant traits that confer resis- 
tance to herbivores when 
herbivores are present but 
for the evolution of traits 
that confer increased com- 
petitive ability when herbi- 
vores are absent. 

If resistance to insects 
benefits plants, then why 
are not all plants now resis- 
tant? Several answers to 
this long-standing question 
have been proposed. One is based on the 
assumptions that plant defenses are costly, 
that resistant genotypes are favored when the 
probability of insect damage is high, but that 
these genotypes pay a cost for resistance and 
are disfavored when the probability of herbi- 
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Divergent selection. Both Zit et al. and Agrawal et al. established syn- 
thetic plant populations consisting of equal proportions of plant geno- 
types and then observed changes in genotype frequencies after four or five 
generations of selection. The results show that natural selection favored 
different genotypes in the absence of herbivores rather than in their pres- 
ence, and different genotypes in response to different herbivore species. 


vore attack is low. In its simplest form, this 
hypothesis states that chemical resources 
obtained by plants can be allocated maxi- 
mally either to growth and reproduction or 
to defense, but allocation to both processes 
cannot be maximized simultaneously (4). A 
second hypothesis is that defense polymor- 
phisms are the result of variation in selection 
regimes due to variation in the size and mem- 


The presence or absence of particular herbivore 
species influences which plant genotypes are 
favored by natural selection. 


bership of herbivore communities at differ- 
ent locations (5). The two studies in this issue 
find strong evidence for variation in plant 
defense traits in response to particular herbi- 
vore species, but only partial support for the 
allocation hypothesis. 

Zist et al. studied natural populations of 
Arabidopsis thaliana in Europe. They com- 
pared the geographic variation in the profiles 
of glucosinolates [a class of defensive chemi- 
cal compounds in the plant family Brassica- 
ceae (6)] with the distribution of two aphid 
species that feed only on brassicaceous 
plants. The frequency of the GS-ELONG 
gene, which determines the length of the car- 
bon side chain on glucosinolate molecules, 
varied both with latitude and longitude. The 
aphid Brevicoryne brassicae predominated in 
areas where the plants produced glucosino- 
lates with four-carbon side chains, whereas 
the aphid Lipaphis erysimi predominated in 
areas where plants produced glucosinolates 
with three-carbon side chains. 

The authors next used a synthetic plant 
population consisting of genotypes that pro- 
duce several different combinations of gluco- 
sinolates. After only five generations of selec- 
tion, feeding by each aphid species selected 
for plant genotypes with glucosinolate pro- 
files identical to those in the field locations 
where each aphid species predominated. By 
contrast, the plant genotype that predomi- 
nated after five generations in a “no aphid” 
treatment produced relatively low levels of 
glucosinolates. This genotype was, however, 
eliminated from populations exposed to all 
aphid treatments (see the figure). 

In a related but independent study, 
Agrawal et al. conducted a four-generation 
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selection experiment in the field using Oeno- 
thera biennis, a plant species that consists of 
several asexual genotypes. Natural selection 
by ambient populations of insects favored 
plant genotypes with delayed flowering rela- 
tive to genotypes on which insects were sup- 
pressed. Insects also selected for plant geno- 
types having different mixtures of ellagitan- 
nins, a group of hydrolyzable tannins pro- 
duced by O. biennis implicated in chemical 
defense (7). 

In the presence of insects, plant geno- 
types that produced relatively more ellagi- 
tannin trimers were favored over plants that 
produced relatively more ellagitannin dimers, 
even though all genotypes produced simi- 
lar quantities of total hydrolyzable tannins. 
However, suppression of herbivorous insects 
on Oenothera also suppressed herbivores on 
competing plant species. As a result, suppres- 
sion of insect herbivores indirectly selected 
for Oenothera genotypes that grew larger 
and competed better with other plant spe- 
cies (see the figure). In contrast to the allo- 


cation hypothesis, the traits favoring growth 
were genetically independent of those favor- 
ing defense. 

Both studies are consistent with ear- 
lier findings that herbivorous insects can 
impose natural selection on plant genotypes 
for defensive chemicals with specific struc- 
tural attributes (8). For Arabidopsis, plant 
resistance to each aphid species was related 
to the length of the side chain of glucosino- 
lates and not the total quantities of glucosino- 
lates. For Oenothera, resistance was associ- 
ated with selective synthesis of tannin trimers 
at the expense of tannin dimers. Both studies 
reinforce concerns that plant defense theories 
based on differential allocation of resources 
to broad classes of chemical compounds are 
of limited value (9). 

Finally, the studies by Ziist et al. and 
Agrawal et al. illustrate the importance of 
ecological context in predicting evolution. 
In the case of Arabidopsis, different special- 
ist aphid species produced different evolu- 
tionary outcomes. In Oenothera, the evo- 


PERore LIVES 


lutionary outcome would surely have been 
different if the investigators had eliminated 
the effects of competition by maintaining 
their plots free of competing weeds, as other 
researchers often do. Because levels of her- 
bivore pressure, the composition of herbi- 
vore communities, and levels of competition 
within plant populations all differ widely 
between habitats, evolution is expected to 
match plant genotype to habitat (8). 
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DEVELOPMENTAL BIOLOGY 


Intestinal Wound Healing Requires 
a Wnt Balancing Act 


Terrence A. Barrett 


passes a group of disorders of the colon 

and small intestine including Crohn’s dis- 
ease and ulcerative colitis. It affects roughly 
396 per 100,000 persons worldwide (/) and 
in the United States is responsible for more 
than $1.7 billion in overall health care costs. 
The chronic or recurrent inflammation associ- 
ated with this disease causes severe damage to 
the epithelial lining of the intestine. On page 
108 of this issue, Miyoshi et al. (2) present a 
model for wound healing in the intestinal tract 
that may have clinical relevance to mucosal 
repair in disorders of intestinal ulceration. 

Within the epithelial lining of the small 
intestine and colon is a gland composed of 
subunits called intestinal crypts or crypts of 
Lieberktihn. After mucosal wounding, chan- 
nels of epithelial cells move under exposed 
surfaces to begin to recreate normal crypt 
architecture. Epithelial proliferation at wound 


[rsstee bowel disease (IBD) encom- 
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edges is driven by the Wnt signaling pathway, 
particularly the canonical Wnts, which signal 
through -catenin. 

Miyoshi ef al. have found that creation of 
new crypts requires release of noncanonical 
(B-catenin—independent) WntSa. Mesenchy- 
mal Wnt5a-secreting cells are derived from 
serosal mesothelial (WT1*) stem cells and 
appear to migrate into areas to participate in 
tissue repair. Wnt5a lowers epithelial prolif- 
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Control of wound healing via balancing 
signaling regulators may have implications 
for treating inflammatory bowel disease. 


eration rates and induces epithelial channel 
invaginations or clefting under the wounded 
surface. Miyoshi et al. suggest that WntSa 
potentiates transforming growth factor—B 
(TGF-B) signaling (via Serpine! and Smad3) 
to reduce epithelial proliferation and cause 
clefting of epithelial channels. Clefting alters 
the polarization of highly proliferative crypt 
structures at wound margins, allowing them to 
branch into new crypt units. The authors did 
not detect WntSa-mediated inhibi- 
tion of canonical Wnt signaling as 
reported by others (3). This inhi- 
bition, when observed, is context 
dependent (3), suggesting that non- 
canonical Wnt5a may affect canon- 
ical Wnt signaling in other mucosal 
healing processes in the intestine. 


Wnt5a is needed for wound healing. 
Image of transmural ulcer from a Crohn's 
disease resection specimen showing an 
area of hyperproliferative branching 
crypts producing an epithelial mono- 
layer (EM). An area of epithelial channel 
clefting is highlighted (dark arrow). 
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Epithelial ulcerations that appear in IBD 
represent highly inflamed wounds caused by 
locally destructive immune responses (see the 
figure). A recent examination of Wnt family 
genes in IBD tissue found increased expres- 
sion of Wnt5a localized to myofibroblasts (4). 
These data suggest that mechanisms for epi- 
thelial channel formation and clefting may be 
shared between wound repair and IBD ulcer- 
ations. Indeed, crypt branching is characteris- 
tic of chronic architectural distortion, a diag- 
nostic feature of IBD. Given the high expres- 
sion of Wnt5a in IBD tissue, it is possible that 
crypt branching may be related to the clefting 
described by Miyoshi et al. 

Another potentially shared feature of 
IBD and wound healing may be the apparent 
dichotomy between noncanonical and canon- 
ical Wnt signaling. Both appear to be required 
for wound healing. Wnt/B-catenin signaling 
is essential for maintaining the epithelial pro- 
liferative compartment (5). Analysis with a 
phosphospecific antibody for protein kinase 
A (PKA)/Akt-phosphorylated B-catenin at 
serine 552 (P-B-catenin**) showed increased 
nuclear P-B-catenin*? in areas of chronic 
architectural distortion in IBD patients (6). 
Enhanced nuclear B-catenin production 
was also detected on aldehyde dehydroge- 
nase—positive colonic stem cell populations 
in IBD tissue (7). Robust data also indicate 
that Wnt signaling is reduced overall in ulcer- 
ated mucosa. Wnt/B-catenin signaling was 
reduced in a model of intestinal inflammation 
(acute dextran sulfate sodium—induced colli- 
tis), possibly due to induction of Wnt antago- 
nist Dkk1 by interferon-y (5). Data presented 
by Miyoshi et al. suggest that reduced Wnt 
signaling overall may also relate to nonca- 
nonical Wnt5a signaling released by stro- 
mal cells to aid ulcer healing and initiate new 
crypt structure formation. Thus, their study 
suggests that both enhanced canonical and 
noncanonical Wnt signaling may be required 
for efficient mucosal healing in patients with 
active IBD. 

Mucosal healing is becoming a reliable 
clinical marker of recovery after IBD therapy 
as it is associated with durable clinical remis- 
sion and reduced risk for future surgeries (9). 
The comparison between effects of predni- 
sone and anti-tumor necrosis factor (anti- 
TNF) monoclonal antibody (mAb) therapies 
illustrate this point well. Whereas steroids 
reduce clinical symptoms, they heal muco- 
sal ulcerations in as few as 29% of patients 
(/0). Thus, most severe IBD patients expe- 
rience recurrence within | year after steroid 
withdrawal (//). By contrast, TNF blockade 
through systemic humanized antibody deliv- 
ery induces rapid mucosal healing (/2). As 


opposed to steroids, anti-TNF mAb treat- 
ment maintains remission and reduces the 
risk for surgery (/3). The findings of Miyoshi 
et al. may help explain these observations, as 
they suggest that control of mucosal inflam- 
mation is critical for allowing repair mecha- 
nisms (such as those mediated by mesenchy- 
mal cells) to operate unhindered. 

Steroids suppress a broad range of sig- 
naling pathways, including nuclear factor 
«B (NF-KB) signaling (/4). NF-KB induces 
a range of inflammatory molecules, such as 
chemokines that may be needed to recruit 
activated mesenchymal stem cells. Con- 
versely, anti-TNF mAb therapy more spe- 
cifically eliminates effector cells that induce 
mucosal damage (/5). In the more targeted 
mAb approach, signaling pathways needed 
for ulcer healing (such as WntSa release) 
are not impaired. Although untested in IBD, 
it seems likely that the findings of Miyoshi 
et al. may allow better design of therapies in 
IBD that shut down destructive inflammatory 


responses while permitting (or enhancing) 
optimal mucosal healing. 
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Bacteria Deliver a Genotoxic Hit 


Robert F. Schwabe and Timothy C. Wang 


Intestinal inflammation can promote colorectal cancer by altering the composition of the gut 


microbiota. 


he adult human intestine contains up to 
| 100 trillion bacteria that are beneficial 
to our metabolism and health (/). This 
microbiota is separated from the intestinal 
wall anatomically and functionally, thus pre- 
venting bacterial invasion and inflammatory 
responses. However, control mechanisms 
that ensure a symbiotic relationship between 
host and microbiota can fail in many diseases 
such as inflammatory bowel disease (2), com- 
plications of which may lead to colorectal 
cancer. On page 120 of this issue, Arthur et 
al. (3) provide evidence for a molecular link 
between the host immune response, the bac- 
terial microbiota, and genotoxic events in 
inflammation-associated colorectal cancer. 
The gut microbiota promotes carcinogen- 
esis in the intestine (4) and other organs such 
as the stomach and liver (5—7). Although a 
specific pathogen such as the bacterium Heli- 
cobacter pylori may trigger gastric carcino- 
genesis (5), commensal bacteria contribute 
to chronic inflammation and more rapid can- 
cer progression (7). Bacterial components 
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such as lipopolysaccharide also contribute to 
inflammation-driven carcinogenesis through 
Toll-like receptor signaling (6, 8, 9). How- 
ever, most mouse models that investigate 
links between the gut microbiota, inflam- 
mation, and cancer use carcinogens such as 
azoxymethane that are not known contribu- 
tors to inflammation-driven carcinogenesis 
in humans. It is therefore not well understood 
how changes in the gut microbiome and the 
host inflammatory response in patients with 
inflammatory bowel disease culminate in 
the genetic and epigenetic changes that ulti- 
mately lead to colorectal cancer. 

To investigate changes in the gut micro- 
bial community that may contribute to 
colorectal cancer, Arthur et al. compared the 
microbiota between mice deficient in the anti- 
inflammatory cytokine interleukin-10 (IL- 
10), which are susceptible to colitis (colon 
inflammation) and azoxymethane-induced 
colorectal cancer, and wild-type mice that 
are resistant to these effects. By sequencing 
ribosomal RNA, the authors found an altered 
composition of the colonic-adherent micro- 
biota in IL-10—deficient mice, with increases 
in the Proteobacteria phylum and the Entero- 
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Bacteria, inflammation, and cancer. Chronic 
inflammation leads to dysbiosis and an expansion of 
genotoxic bacteria such as pks* E. coli and their adher- 
ence to intestinal epithelial cells, resulting in a release 
of the genotoxin colibactin and DNA damage. These 
effects and the procarcinogenic effect of inflammatory 
pathways promote the development of dysplasia and 
cancer. TLR, Toll-like receptor; NF-«B, nuclear factor 
iB; ROS, reactive oxygen species. 


bacteriaceae family [the latter includes Esch- 
erichia coli, a strain associated with human 
inflammatory bowel disease and colorectal 
cancer (/0)]. Changes in the microbiota and 
the ~100-fold increase in E. coli were inde- 
pendent of azoxymethane treatment, suggest- 
ing that altered inflammation in the IL-10— 
deficient mice is alone responsible for the 
observed imbalance in intestinal bacteria 
(dysbiosis). Although IL-10-deficient mice 
colonized solely with either the EZ. co/i strain 
NC101 or Enterococcus faecalis exhibited 
aggressive colitis and similar production of 
inflammatory cytokines, only the former 
developed invasive adenocarcinoma after 
azoxymethane treatment. These data support 
the idea that genotoxic actions (damage to 
host DNA) by E. coli exert specific carcino- 
genic effects independently of inflammation. 

The NC101 £. coli strain produces the 
genotoxin colibactin (a polyketide synthase 
encoded by a genomic region called pks), 
which causes DNA double-strand breaks 
(11, 12). This strain was more prevalent in 
patients with inflammatory bowel disease 
(40%) and colorectal cancer (66.7%) than in 
healthy individuals (20.8%). Despite simi- 
lar growth and proinflammatory effects, 
pks-deficient E. coli NC101 failed to induce 
DNA damage responses and caused a lower 
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Adherence 


tumor burden and less invasive cancer than 
wild-type E. coli NC101. Wild-type mice 
associated with E. coli NC101 also failed to 
develop colorectal cancer after azoxymeth- 
ane treatment, suggesting that pks/colibactin- 
mediated effects require additional changes 
mediated by inflammation that is induced by 
a deficiency in IL-10. Arthur ef al. suggest 
that inflammation not only increases pks- 
containing E. coli (pks*) but also promotes 
their adhesion to epithelia, a requirement for 
its genotoxicity (//, 12). 

Inflammation is thought to induce or pro- 
mote intestinal cancer through the effects of 
immune cells on epithelial cells, leading to 
oxidative stress, DNA damage, and cell turn- 
over. However, the notion that chronic inflam- 
mation can lead to the accumulation of can- 
cer-promoting bacteria begins to shift greater 
attention toward the microbiota (see the fig- 
ure). This model is consistent with findings 
that a human colonic commensal, entero- 
toxigenic Bacteroides fragilis, may promote 
colon tumorigenesis through a specific toxin 
(/3), and with studies suggesting a role for 
bacterial genotoxins in colonic dysplasia 
(14). To substantiate the findings of Arthur 
et al., it will be crucial to determine whether 
pks* bacteria promote colorectal cancer with- 
out addition of azoxymethane in longer-term 
animal studies. Colonizing mice with only 
pks* E. coli is unphysiological and likely to 
overestimate effects of the polyketide syn- 
thase on carcinogenesis. Another limita- 
tion is the small number of patients investi- 
gated for pks* E. coli. Confirmation in larger 
cohorts of patients with inflammatory bowel 
disease and colorectal cancer is needed to 
establish human relevance. There should 
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also be a more detailed metagenomic analy- 
sis that includes investigations on additional 
bacterial genotoxins and genotoxin-express- 
ing bacterial species, given the substantial 
changes in other phyla such as Bacteroidetes 
in the IL-10—deficient mice. It would be rel- 
evant to determine whether the pks genomic 
region or its product colibactin is amenable to 
therapeutic approaches.with specific chemi- 
cal inhibitors. 

The finding by Arthur ef a/. of a functional 
link between bacterial dysbiosis and carcino- 
genesis in chronic inflammation allows for a 
better understanding of the molecular mech- 
anisms by which the bacterial microbiome 
promotes cancer. Together with the discovery 
of the carcinogenic effects of Toll-like recep- 
tor signaling (8, 9) and the mutagenic effect 
of bacterially induced reactive oxygen spe- 
cies (ROS) production (/5), these advances 
point toward bacteria as new targets for can- 
cer prevention or screening. 
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GEOPHYSICS 


Earthquakes in the Lab 


Toshihiko Shimamoto and Tetsuhiro Togo 


nderstanding how earthquakes of 
[ | different sizes occur is one of the 
most challenging questions in fault 
and earthquake mechanics. On page 101 of 
this issue, Chang et al. (/) report the results 
of a carefully conducted experiment using 
a spinning flywheel attached to a high- 
velocity frictional testing machine to pro- 
duce what they term an earthquake-like slip 
event. By changing the rate of revolution of 
the flywheel, the amount of kinetic energy 
transferred to the simulated fault in Sierra 
White granite or Kasota dolomite could be 
varied by about six orders of magnitude and 
could produce a series of frictional slips 
ranging from 0.003 to 4.6 m, correspond- 
ing to a moment magnitude range of M, = 
4 to 8 with respect to the range of fault dis- 
placements. The power relationship between 
energy input and displacement is similar to 
that found for natural earthquakes. Also, the 
slip produced by the flywheel is character- 
ized by very rapid initial acceleration fol- 
lowed by gradual deceleration, somewhat 
similar to slip history recognized for natu- 
ral earthquakes (2). Such experiments will 
arouse discussions about whether they are 
realistic proxies of natural earthquakes. 

A rotary-shear high-velocity friction 
apparatus was developed in the early 1990s 
to reproduce seismic fault motion and mea- 
sure frictional properties. Systematic stud- 
ies have been conducted since then on fric- 
tional melting (3, 4), high-velocity weak- 
ening of gouge (fine particles constituting 
fault zones) without frictional melting (5), 
and mineral decomposition in gouge due 
to frictional heating (6). With respect to the 
flywheel experiments, it is noteworthy that 
different slip histories yield different fric- 
tional behaviors (7, 8). For example, two 
results are shown for Longmenshan fault 
gouge and compared with that obtained by 
Chang et al. (see the figure). Slip history 
expressed by the regularized Yoffe function 
(2, 8) yields slip weakening with a smaller 
characteristic distance followed by pro- 
nounced strength recovery (orange curve 
in panel A). Accelerating and decelerating 
slip history produces nearly linear weak- 


State Key Laboratory of Earthquake Dynamics, Institute 
of Geology, China Earthquake Administration, Beijing 
100029, China. E-mail: shima_kyoto@yahoo.co.jp 


al - = 

A Rapid acceleration and slow deceleration — 
ag ,, _ cause rapid weakening with gradual 
i " increase in friction 
3S 0.8: 11 
a H ' | 
[7 ' 

3 \ 
] \ 
S 
S 0.69 
cS . 
irs ~>~_ Regularized Yoffe function 
0.4-! a (0) 
0 2 4 6 
Time (s) 
1.0- 

B Accelerating and decelerating fault 
We motion yields nearly linear weakening 
cries followed by recovery in friction 
GS 
= | 
g OF | _ Constant acceleration 
= >, and deceleration 
& 0.45 Ss 
3 
= 0.2- 

0.0-¥ - women 0.0 
0 2 4 6 8 10 12 
Time (s) 


- 2.0 


1 
l= 
wu 


fp 1.0 


- 0.5 


Friction experiments using a flywheel-based 
apparatus can be used to simulate natural 
earthquakes. 


Slip rate (m/s) 


Slip rate (m/s) 


Slip simulation. Frictional behavior of Longmenshan fault gouge and slip zone structures in quartz gouge. 
(A and B) Results from high-velocity friction experiments with slip histories expressed by the regularized Yoffe 
function (2, 8) and by constant acceleration and deceleration, respectively. The Longmenshan fault caused the 
2008 Wenchuan earthquake, and gouge was collected at a surface outcrop in Hongkou, Sichuan, China. (C) 
Layered structures are overlapped slip zones in quartz gouge deformed at a slip rate of 1.3 m/s and a normal 
stress of 3.1 MPa (12). (D) Scanning electron micrographs [enlargement of the rectangular portion in (C)] 


show that quartz grains in gouge are welded. 


ening followed by strengthening (orange 
curve in panel B). Both results are differ- 
ent from frictional behavior at constant slip 
rate, characterized by nearly exponential 
slip weakening from peak friction to steady- 
state friction (5, 9). The frictional behavior 
produced by the flywheel experiments is 
similar to that for slip histories expressed 
by the regularized Yoffe function, although 
the decelerating part is different from this 
function (compare panel A with figure 2 of 
Chang ef al.). It is likely that rapid accel- 
eration with slower deceleration leads to 
similar frictional behavior. Thus, Chang et 
al. raise the question of how the flywheel 
experiments can reproduce earthquake-like 
slip. This cannot be answered unless a con- 
stitutive law connecting low- to high-veloc- 
ity friction is established and earthquake 
generation processes are solved on the basis 
of that law. The establishment of constitu- 
tive laws that can predict frictional proper- 
ties with arbitrary slip history still remains a 
challenging task in fault mechanics. 


Another problem relevant to the work of 
Chang et al. is that of powder lubrication as 
a weakening mechanism (/0, //). The exact 
weakening mechanism is unclear, although 
rolling friction of nanoparticles has been 
suggested (/0). If grain rolling is impor- 
tant, however, an obvious question is raised: 
Why does dramatic gouge weakening occur 
only at high slip rates? Chang ef al. propose 
enhanced gouge generation and powder 
lubrication as important mechanisms of slip 
weakening during the flywheel experiments. 

Recent high-velocity experiments on 
quartz and Nojima fault gouge (/2, 13) 
have demonstrated that sintering or weld- 
ing of gouge particles in slip zones occurs at 
high slip rates as a result of frictional heat- 
ing. Gouge experiments in the past few years 
have revealed that peculiar overlapped struc- 
tures of slip zones form at high slip rates (see 
the figure, panel C). Such structures normally 
do not form at subseismic slip rates, and it is 
now thought that formation of welded grains 
(see the figure, panel D) makes slip zones 
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strong, resulting in the shift of slip zone and 
deformation of existing slip zones form- 
ing complex structures such as overlapped 
slip zones. Formation of welded grains will 
suppress the powder lubrication; hence, the 
stage of slip at which welded grains form 
becomes an important question in evaluating 
the interpretation of Chang ef al. 

Gouge welding may shed light on the 
long-standing question in structural geol- 
ogy of how the fault gouge zone grows with 
increasing fault displacement. In a fault 
zone, gouge is weak and fault slip occurs 
in a gouge zone. The gouge zone then need 


not grow once it becomes thick enough to 
accommodate fault displacement. Weld- 
ing of gouge during seismic fault motion 
may give a mechanism for the growth of the 
gouge zone and may play important roles in 
the evolution of fault zone structures. Inte- 
grated studies on natural faults, laboratory 
experiments (like those of Chang ef al.), and 
earthquake modeling will help to further 
delineate the characteristics of seismogenic 
fault motion. 
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Melting Colloidal 
the Inside Out 


Eric R. Weeks 


onsider an ice cube melt- 

ing in a glass of water. Ice 

cubes and any other solid 
objects almost always melt from 
their outer surface inward, and 
this scenario is well understood 
by physicists. What is less com- 
mon, less well understood, but 
more intriguing is the case when 
a solid melts from inside outward 
(see the figure, panel A). Experi- 
mentally, this might be achieved 
by focusing an intense laser pulse 
inside a solid sample to locally 
superheat it. However, in such experiments, 
the sample melts extremely quickly, and it is 
difficult to determine exactly how the melting 
proceeds. On page 87 of this issue, Wang et 
al. (1) report the creative use of colloids as a 
model system to study the internal melting of 
samples in slow motion and with high magni- 
fication. They find that large agitations are the 
main driver of sample melting, rather than the 
formation of crystalline defects, contradict- 
ing some theoretical expectations. 

Colloids are small, solid particles sus- 
pended in a liquid: Milk, blood, and paint 
are common examples. In 1986, Pusey and 
van Megen demonstrated that colloids com- 
posed of identical hard spherical particles can 
order into crystalline phases at high particle 
concentrations (2). These experiments were 
enabled by the ability to synthesize polymer 
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Scenarios of melting. (A) A melted liquid patch (red) in the interior of a crystal is illustrated. (B) A possible loop rear- 
rangement is shown where particles move as indicated by the arrows. (C) A group of particles (red) move large distances 
from their crystalline locations but the overall crystalline structure is still maintained. (D) A disclination forms where one 
of the red rows of particles disappears. 
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particles all of nearly the same size. Col- 
lections of hard spheres that interact only 
through short-range repulsive forces have 
long been known to be useful models of some 
phase transitions (3). 

The work of Pusey and van Megen 
inspired many groups to use colloids to study 
phase transitions (4). In all cases, the thermal 
(Brownian) motion of the colloidal particles 
lets the particles rearrange and transition from 
one phase to another. The control parameter 
for these experiments is not temperature or 
pressure, as would be the case for studying 
a single-component molecular system, but 
the volume fraction @ of the solid particles. 
For example, an equilibrated sample with @ > 
0.545 is fully crystalline and begins to melt if 
@ is lowered below this value. 

Unfortunately, it is difficult to tune @ 
experimentally in situ. Wang et al. solved 
that problem by using special particles made 
from a temperature-sensitive polymer (5) so 
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How crystals melt can be seen directly by 
studying size-tunable colloidal particles. 


that the particle diameter can be decreased 
by 13% as the temperature is raised from 
26° to 31°C (and thereby decreasing @ by 
46%). They prepared their samples in the 
crystalline state (with @ > 0.545) and then 
used a microscope both to focus light onto 
the sample to heat it and to observe the sub- 
sequent melting. 

In this experiment, particles engaged in 
melting moved in a variety of distinct ways. 
First, before any melting had occurred, par- 
ticles occasionally rearranged in “loop 
motions” where one particle moved over, tak- 
ing its neighbor’s position, and in turn that 
neighbor moved into another’s position, with 
the final particle in the loop moving into the 
first particle’s position (see the figure, panel 
B). These sorts of loop motions have also 
been seen in simulations (6) and occurred in 
regions where the Brownian motion of the 
particles allowed them to move farther from 
their ideal crystalline positions. 


www.sciencemag.org SCIENCE VOL 338 5 OCTOBER 2012 


Published by AAAS 


55 


Downloaded from www.sciencemag.org on October 5, 2012 


PERSPECTIVES 


56 


These unusually mobile particles were 
first predicted in 1910 by Lindemann, who 
conjectured that the sample would melt once 
atoms in a crystal could move more than 
some fraction of the crystal-lattice spacing 
(see the figure, panel C) (7, 8). In the col- 
loidal experiment, melting occurred when 
colloidal particles moved more than 20% 
of the lattice spacing, similar to what has 
been seen in simulations (9). In particular, 
the sample had to nucleate a small pocket 
of highly mobile particles, and if this pocket 
exceeded a critical size, this region contin- 
ued to grow until the sample entirely melted. 
This critical size is limited by surface tension 
between the liquid and the crystal; Wang 
et al. measured a surface tension similar to 
what previous simulations of spherical par- 
ticles have found. The colloidal experiment 
also revealed something new: If the sample 
was sufficiently superheated, multiple small 
liquid regions formed and could coalesce. 
Upon coalescence, surface tension caused 
the merged regions to adopt a spherical 
shape quickly. For even more extreme super- 
heating, the colloidal crystal rapidly melted 
everywhere simultaneously. 

Notably, what was not seen in the colloidal 
experiments were any defects such as dislo- 
cations, vacancies, and interstitials. Disloca- 
tions are irregularities in the crystal structure 
(see the figure, panel D), and vacancies are 
lattice sites where a particle leaves its normal 


position and becomes an interstitial particle, 
located between other particles, deforming 
the crystal. These defects could be caused by 
the additional energy added to melt the crys- 
tal, and defects have been seen as important 
precursors to melting in simulations (70, //). 
However, none of these defects were spotted 
in observations of dozens of melting colloidal 
samples. This absence is unlikely to be a limi- 
tation of colloids as a model system, because 
dislocations have been seen experimentally 
before in colloidal crystals (72). 

Given that the experiments report phe- 
nomena similar to some simulations (6, 9) 
and different from others (/0, //), a natural 
concern is how to reconcile the discrepan- 
cies. Wang et al. compare their experiments 
to simulations of perfectly hard spheres 
(which only repel each other when they 
come in contact), which is a natural com- 
parison for colloidal particles (2). How- 
ever, there is very likely some softness in the 
interaction between the colloidal particles 
used by Wang et al., which allows them to 
expand or contract dramatically with slight 
changes in temperature. Also, the different 
simulations used varying particle interac- 
tions and heating protocols. 

The simplest interpretation is that there are 
probably several ways that a crystal can melt 
from the inside out, and which behaviors are 
seen will depend on which crystal is melted. In 
this case, the most striking observations from 


the colloidal experiments are the good agree- 
ment with known behaviors of hard spheres 
(such as their crystal-liquid surface tension) 
and the merging of liquid regions when more 
strongly superheated. Given recent advances 
in tuning colloidal particle shapes and inter- 
actions (/3—/5), future colloidal experiments 
should be able to make even stronger connec- 
tions with simulations. 
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A DNA Twist Diffuses and Hops 


Maxim Y. Sheinin' and Michelle D. Wang'? 


erhaps the reader can remember the 
P good old days of wired phones, their 

cords so prone to the absent-minded 
twisting that eventually produced a multi- 
tude of small coiled coils. Wired phones are a 
thing of the past, but their cords still serve as 
inspiration to those interested in the coiling 
process of DNA. The striking beauty of DNA 
coiling (aptly named supercoiling) was first 
illustrated when Vinograd et al. (1) discov- 
ered multiple intertwined loops in their elec- 
tron microscope images of a circular DNA 
from the polyoma virus. These loops, also 
called plectonemes, can play an important 
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role in gene regulation by bringing together 
distant DNA elements, such as enhancers and 
promoters (2). On page 94 of this issue, van 
Loenhout et al. (3) use single-molecule tech- 
niques to uncover the rich dynamics of plec- 
toneme formation and movement. 

Electron microscope images of plecto- 
nemes have long captured scientists’ imagi- 
nation, but they provide only static snapshots 
of these DNA structures. Dynamic torsional 
manipulation of DNA was first demon- 
strated by Strick et al. in the mid-1990s using 
magnetic tweezers (4). In the experiment, a 
DNA molecule was torsionally constrained 
via multiple tags between a glass slide and 
a superparamagnetic bead. A pair of per- 
manent magnets pulled the bead vertically 
toward the magnets until the magnetic force 
was balanced by the restoring elastic force 


Single-molecule techniques reveal short- and 
long-range dynamics of supercoiled DNA. 


from the DNA. DNA was then supercoiled 
through the rotation of the bead. Plectoneme 
growth manifested itself as a steady decrease 
in the DNA length as the bead was turned to 
add twist to the DNA. 

Subsequent experiments using an angu- 
lar optical trap showed that the initial plec- 
toneme formation is abrupt, as revealed 
by a sudden extension drop followed by a 
torque plateau (5). However, many questions 
remain. How many plectonemes coexist on 
a single DNA molecule? Do plectonemes 
remain at the same locations or move about 
dynamically? How and where do they nucle- 
ate, grow, shrink, and disappear? 

To visually locate plectonemes along 
a 21-kilobase pair (kbp) DNA molecule 
sparsely labeled with fluorophores, van Loen- 
hout ef al. first supercoiled the DNA with 


5 OCTOBER 2012, VOL338 SCIENCE www.sciencemag.org 


Published by AAAS 


Downloaded from www.sciencemag.org on October 5, 2012 


A Diffusion 
Short range 


Hopping 
Long range 


Dynamics of DNA plectonemes. Plectonemes can undergo short-range diffusive motion along DNA (A). 
Sequence preferences—rather than hydrodynamic drag on a plectoneme, which is small—slow down the rate 
of such excursions. Plectonemes can also display hopping behavior (B), disappearing from one location and 
reappearing thousands of base pairs away within tens of milliseconds. 


a pair of permanent magnets, as described 
above, and then used a side magnet to pull the 
supercoiled DNA tether sideways. The DNA 
molecule was visualized in this configuration 
using fluorescence. In this supercoiled DNA, 
bright fluorescent spots were detected. These 
spots reflected high local DNA density, indic- 
ative of the existence of plectonemes. 

Under certain conditions, the research- 
ers observed multiple plectonemes along 
the DNA. Their number varied from a single 
plectoneme at high force and salt concentra- 
tion (3.2 pN, 300 mM NaCl) to about three 
at low force and salt concentration (0.4 pN, 
20 mM NaCl). The authors attribute this trend 
to an interplay between the entropic gain pro- 
vided by multiple plectoneme domains and 
the enthalpic cost due to the formation of 
initial plectonemic loops. The experimental 
results are in good qualitative agreement with 
two recent theoretical models (6, 7), under- 
scoring the substantial progress that has been 
made in the quantitative understanding of 
DNA mechanics. 

Plectoneme visualization was only the 
first step: Several seconds of imaging time 
permitted the authors to observe the long- 
coveted plectoneme dynamics. They found 
that each plectoneme diffused along the 
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DNA. However, the diffusion constant of 
an average plectoneme was much smaller 
than expected from a simple hydrodynamic 
model. This discrepancy is explained by the 
observation that the plectonemes were not 
evenly distributed along the DNA, but instead 
preferentially localized near certain posi- 
tions. This suggests that diffusion takes place 
on a rugged energy landscape, modulated 
by the intrinsic curvature and bendability of 
the underlying DNA sequence. The authors 
found that roughness on the order of 1 to 2 
kT (where &, is Boltzmann’s constant and T 
is temperature) was sufficient to explain their 
diffusion data. This energy landscape rough- 
ness is of the same order of magnitude as has 
been estimated for the analogous energy bar- 
rier of plectoneme formation in DNA with 
intrinsic bends (8). 

However, plectoneme dynamics turns 
out not to be limited to diffusion. Van Loen- 
hout ef al. report that plectonemes can hop, 
suddenly disappearing and rapidly reap- 
pearing thousands of base pairs away from 
their original locations. This unusual behav- 
ior appears to be one of the defining features 
of plectoneme dynamics, given that the 
mean lifetime of a plectoneme under most 
experimental conditions was less than | s. 
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Hopping could transplant the plectoneme 
several thousand base pairs within tens of 
milliseconds, whereas diffusional motion 
during that time was limited to a few hun- 
dred base pairs. 

The visualization of plectonemes is a sub- 
stantial experimental achievement. However, 
questions remain for further research. For 
example, van Loenhout et al. could detect 
plectonemes with a minimum size of ~0.5 
kb, which is larger than the size of an initial 
plectonemic loop. Recent theoretical work 
(6) suggests that single loops can coexist 
with plectonemes; a more sensitive detection 
method is needed to test this hypothesis. 

It would also be of interest to further 
investigate the hopping process. Van Loen- 
hout et al. focus on hopping as formation 
of a new plectoneme concurrent with the 
disappearance of an existing one, but their 
data also hint at the redistribution of length 
among existing plectonemes. Further work 
will be required to determine if hopping is 
indeed a special case of length exchange 
among plectonemes. 

The findings of van Loenhout et al. have 
important implications for processes that take 
place over DNA. The observation of prefer- 
ential plectoneme localization suggests new 
ways in which DNA sequence can regulate 
genetic transactions. Indeed, certain DNA 
sequences may be designed to “pin down” 
plectonemes and thus bring neighboring 
regulatory DNA elements into close prox- 
imity. More research is required to identify 
the sequences that can localize plectonemes 
and analyze their distribution genome-wide. 
Plectoneme hopping, a dramatic long-range 
rearrangement of the DNA conformation 
on a millisecond time scale, could permit 
fast searching during DNA recombination 
or enhancer-activated gene expression. The 
next challenge will be to identify instances of 
plectoneme hopping in vivo and relate them 
to specific biological functions. 


References 

1. J. Vinograd, J. Lebowitz, R. Radloff, R. Watson, P. Laipis, 
Proc. Natl. Acad. Sci. U.S.A. 53, 1104 (1965). 

2. Y. Liu, V. Bondarenko, A. Ninfa, V. M. Studitsky, Proc. 
Natl. Acad. Sci. U.S.A. 98, 14883 (2001). 

3. M.T.]. van Loenhout, M. V. de Grunt, C. Dekker, Science 
338, 94 (2012); 10.1126/science.1225810. 

4. T.R. Strick, J. F. Allemand, D. Bensimon, A. Bensimon, 
V. Croquette, Science 271, 1835 (1996). 

5. S. Forth et al., Phys. Rev. Lett. 100, 148301 (2008). 

6. J. F. Marko, S. Neukirch, Phys. Rev. E Stat. Nonlin. Soft 
Matter Phys. 85, 011908 (2012). 

7. M. Emanuel, G. Lanzani, H. Schiessel, http://arxiv.org/ 
abs/1204.1324v2 (2012). 

8. B.C. Daniels, J. P. Sethna, Phys. Rev. E Stat. Nonlin. Soft 
Matter Phys. 83, 041924 (2011). 


10.1126/science.1228656 


57 


Downloaded from www.sciencemag.org on October 5, 2012 


58 


A 
= 


EPPENDORF 


When Attention Wanders 


Marlene R. Cohen 


veryone, from a child in a classroom 
E: a driver on the road, has had the 

experience of having their thoughts 
meander far from the task at hand. Our 
minds wander when we rest (/—3) and about 
half the time we are engaged in an activity 
(4). A goal of my postdoctoral work with 
John Maunsell at Harvard Medical School 
was to understand how these internal fluc- 
tuations affect behavior. This knowledge is 
useful for determining the neural basis of 
internal mental states. 

We measured the effect of fluctuations in 
one internal factor, visual attention, on per- 
ception. Attention allows observers to focus 
on the important locations (spatial attention) 
or features (feature attention) in a complex 
visual scene without looking at the attended 
object. For example, a baseball pitcher might 
focus his eyes on the catcher at home plate 
but also allocate part of his attention to the 
location around a runner at first base (spatial 
attention) or attend to the color of the oppos- 
ing team’s uniforms to keep track of runners 
at any location (feature attention). 

Although attention has long been known 
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Cued location 
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Orientation change 


Change-detection task. (A) Rhesus monkeys were trained to perform a task that 
measured their ability to detect subtle visual changes. Two stimuli flashed on and 
off, and at a random time, the orientation of one of them changed. The monkeys 
were rewarded for looking at the stimulus that changed. Before each set of trials, the 
monkeys were cued to expect that one stimulus (the left one in this example) would 


Orientation change—detection task 


to affect perception, a 
detailed study of attentional 
fluctuations had been essen- 
tially unapproachable. Mea- 
suring fluctuations requires 
estimating a subject’s atten- 
tional state at each moment. 
Attention improves a sub- 
ject’s average performance on 
perceptual tasks, but it is hard 
to know whether any particu- 
lar mistake was caused by a 
lapse in attention or because 
the task was simply difficult. 

Attention also affects 
parts of the brain that con- 
trol vision: Attending to a 
particular location or fea- 
ture causes the neurons in visual cortex that 
encode that location or feature to become 
more active (5—8). However, the responses 
of individual neurons cannot be used to esti- 
mate attention instantaneously because neu- 
ral responses are noisy. It is impossible to 
separate out variability caused by changes in 
attention from variability that is inherent to 
the neuron. 

The brain is thought to combat this noise 
by combining the responses of many neu- 
rons (9-12), so we used 
the same approach. 
We reasoned that if we 
recorded from many 
neurons simultaneously, 
we could tease apart the 
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Examining the neural process of visual 
attention helps decipher how the brain 
extracts important sensory information. 


noise from responses that sig- 
naled changes in attention. 
After teaching monkeys a 
task that measured their abil- 
ity to detect subtle changes 
in a visual stimulus, we 
simultaneously recorded the 
responses of about 80 neurons 
in cortical area V4, which 
encodes visual informa- 
tion and is affected by atten- 
tion. The monkeys looked at 
a computer screen and a pair 
of striped stimuli flashed on 
and off [see the figure (A)]. 
At arandom time, the orienta- 
tion of one stimulus changed 
slightly. If the monkey cor- 
rectly indicated that he noticed the change 
by looking at the changed stimulus, he was 
rewarded with a drop of juice. 

To control their attention, we cued the ani- 
mals as to which stimulus was most likely to 
change. When the monkeys knew to expect a 
change on the left, they shifted their attention 
to the left. We measured responses to the stim- 
ulus before the change [black outline in (A)] 
when the only difference from one trial to the 
next was the monkey’s attention. 

Single-neuron studies typically compare 
the neuron’s average response across many 
trials in each attention condition (e.g., when 
the monkey expected a change in the left or 
the right stimulus). We modified this idea 
to estimate the monkey’s attentional state 


Performance on difficult trials depends on attention 
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be more likely to change, which gave them incentive to pay attention to that stimu- 
lus. (B) The monkeys’ proportion correct on the change-detection task is plotted as a 
function of the estimated location to which they allocated attention (which was cal- 
culated based on the responses of the neurons that were recorded while the monkey 
performed the task). [Modified from Cohen and Maunsell (2010) (22)] 
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at a single moment by comparing the com- 
bined response of the 80 neurons at a given 
moment to the average in each attention con- 
dition. We defined a measure of attention in 
which positive numbers signaled rightward 
attention and negative numbers indicated 
leftward attention [see the figure (B)]. 

Like humans (4), the monkeys’ atten- 
tion wandered, and our neuronal measure 
of attention varied greatly. Moreover, these 
attentional fluctuations profoundly affected 
how well they could do the task. When the 
measure showed strong attention to the left, 
the monkey was able to detect a subtle orien- 
tation change on that side about 70% of the 
time. However, when the measure showed 
that attention had drifted toward the right, he 
almost never detected that same change on 
the left [see the figure (B)]. This estimate of 
attention, based on just a few dozen of the 
~100 billion neurons in the monkey’s brain, 
allowed us to predict whether he was about to 
get the trial correct with about 80% accuracy. 

Having a near-instantaneous measure 
of attention provided a new and powerful 
approach to investigate how attention affects 
performance and is controlled in the brain. 
To our surprise, whereas attention improved 
the monkeys’ ability to detect subtle ori- 
entation changes, it worsened their perfor- 
mance when the change was very obvious 
(13), which suggests that strongly attending 
to one feature (e.g., vertical stripes) makes 
it more difficult to see a very different fea- 
ture (e.g., horizontal stripes) (8, /4-2/). 
Also, although the monkeys allocated atten- 
tion to the two locations independently [they 
could attend to the left, right, both, or neither 
stimulus (22)], they nevertheless attended to 
a single feature in all locations (2/). This 
suggests that spatial attention involves local 
groups of neurons whereas feature attention 
is coordinated throughout the brain. 

Together, our results suggest that the 
baseball pitcher’s spatial attention can wan- 
der from the catcher’s mitt to first base or to 
both or neither location. When he attends 
to the color of the opposing team’s uni- 
form, however, he is sensitive to that color 
at all locations. But this improved sensitiv- 
ity comes at a cost: When attending strongly, 
he might be completely unaware of his own 
manager running onto the field wearing a 
different color. 

Our results show that when the mind wan- 
ders, so too do our perceptual abilities. Grasp- 
ing the implications of variability in attention 
and other cognitive states on our basic abili- 
ties may be an important step toward under- 
standing how our internal state affects our 
ability to interact with the outside world. 
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Theory and Simulation in 


Neuroscience 


Wulfram Gerstner,’* Henning Sprekeler,””** Gustavo Deco™’® 


Modeling work in neuroscience can be classified using two different criteria. The first one is 

the complexity of the model, ranging from simplified conceptual models that are amenable to 
mathematical analysis to detailed models that require simulations in order to understand their 
properties. The second criterion is that of direction of workflow, which can be from microscopic to 
macroscopic scales (bottom-up) or from behavioral target functions to properties of components 
(top-down). We review the interaction of theory and simulation using examples of top-down and 
bottom-up studies and point to some current developments in the fields of computational and 


theoretical neuroscience. 


athematical and computational ap- 
Mew in neuroscience have a long 

tradition that can be followed back 
to early mathematical theories of perception 
(/, 2) and of current integration by a neuronal 
cell membrane (3). Hodgkin and Huxley com- 
bined their experiments with a mathematical 
description, which they used for simulations on 
one of the early computers (4). Hebb’s ideas on 
assembly formation (5) inspired simulations on 
the largest computers available at that time (1956) 
(6). Since the 1980s, the field of theoretical and 
computational neuroscience has grown enor- 
mously (7). 

Modern neuroscience methods requiring ex- 
tensive training have led to a specialization of 
researchers, such that neuroscience today is frag- 
mented into labs working on genes and molecules, 
on single-cell electrophysiology, on multineuron 
recordings, and on cognitive neuroscience and 
psychophysics, to name just a few. One of the 
central tasks of computational neuroscience 
is to bridge these different levels of description 
by simulation and mathematical theory. The 
bridge can be built in two different directions. 
Bottom-up models integrate what is known on 
a lower level (e.g., properties of ion channels) to 
explain phenomena observed on a higher level 
[e.g., generation of action potentials (4, 8—/0)]. 
Top-down models, on the other hand, start with 
known cognitive functions of the brain (e.g., 
working memory), and deduce from these how 
components (e.g., neurons or groups of neurons) 
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should behave to achieve these functions. Influ- 
ential examples of the top-down approach are 
theories of associative memory (//, /2), rein- 
forcement learning (/3, 74), and sparse coding 
(5, 16). 

Bottom-up and top-down models can be 
studied either by mathematical theory (theoretical 
neuroscience) or by computer simulation (com- 
putational neuroscience). Theory has the advan- 
tage of providing a complete picture of the model 
behavior for all possible parameter settings, but 
analytical solutions are restricted to relatively sim- 
ple models. The aim of theory is therefore to pu- 
rify biological ideas to the bare minimum, so as 
to arrive at a “toy model” that crystallizes a con- 
cept in a set of mathematical equations that can 
be fully understood. Simulations, in contrast, can 
be applied to all models, simplified as well as 
complex ones, but they can only sample the mod- 
el behavior for a limited set of parameters. If the 
relevant parameters were known, the whole or 
a major fraction of the brain could be simulated 
using known biophysical components—a prospect 
that has inspired recent large-scale simulation 
projects (17-21). 

How can theory and simulation interact to 
contribute to our understanding of brain func- 
tion? In this article, we illustrate the interaction 
with four case studies and outline future avenues 
for synergies between theory and simulation. Even 
though it forms an important subfield of compu- 
tational neuroscience, the analysis of neuronal 
data (22—24) is not included in this review. 


From Detailed to Abstract Models of Neural 
Activity: Bottom-Up Theory 

The brain contains billions of neurons that com- 
municate by short electrical pulses, called action 
potentials or spikes. Hodgkin and Huxley’s de- 
scription of neuronal action potentials (4) today 
provides a basis for standard simulator software 
(25, 26) and, more generally, a widely used frame- 
work for biophysical neuron models. In these 
models, each patch of cell membrane is described 
by its composition of ion channels, with specific 


time constants and gating dynamics that control 
the momentary state (open or closed) of a channel 
(Fig. 1C). 

By a series of mathematical steps and ap- 
proximations, theory has sketched a systematic 
bottom-up path from such biophysical models of 
single neurons to macroscopic models of neural 
activity. In a first step, biophysical models of 
spike generation are reduced to integrate-and-fire 
models (27-32) where spikes occur whenever 
the membrane potential reaches the threshold 
(Fig. 1B). In the next abstraction step, the pop- 
ulation activity A(t}—defined as the total number 
of spikes emitted by a population of intercon- 
nected neurons in a short time window—is pre- 
dicted from the properties of individual neurons 
(33-35) using mean-field methods known from 
physics: Because each neuron receives input from 
many others, it is sensitive only to their average 
activity (“mean field”) but not to the activity pat- 
terns of individual neurons. Instead of the spike- 
based interaction among thousands of neurons, 
network activity can therefore be described mac- 
roscopically as an interaction between different 
populations (33, 35, 36). Such macroscopic 
descriptions—known as population models, neu- 
ral mass models, or, in the continuum limit, neu- 
ral field models (Fig. 1A)—help researchers to 
gain an intuitive and more analytical understand- 
ing of the principal activity patterns in large 
networks. 

Although the transition from microscopic to 
macroscopic scales relies on purely mathematical 
arguments, simulations are important to add as- 
pects of biological realism (such as heterogeneity 
of neurons and connectivity, adaptation on slow- 
er time scales, and variability of input and recep- 
tive fields) that are difficult to treat mathematically. 
However, the theoretical concepts and the es- 
sence of the phenomena are often robust with 
respect to these aspects. 


Decision-Making: Theory Combines 
Top-Down and Bottom-Up 


Many times a day we are confronted with a de- 
cision between two alternatives (A or B), such as 
“Should I turn left or right?” Psychometric mea- 
sures of performance and reaction times for two- 
alternative forced-choice decision-making paradigms 
can be fitted by a phenomenological drift-diffusion 
model (37). This model consists of a diffusion 
equation describing a random variable that ac- 
cumulates noisy sensory evidence until it reaches 
one of two boundaries corresponding to a specific 
choice (Fig. 2A). Despite its success in explaining 
reaction time distributions, the drift-diffusion mod- 
el suffers from a crucial disadvantage, namely the 
difficulty in assigning a biological meaning to the 
model parameters. 

Recently, neurophysiological experiments have 
begun to reveal neuronal correlates of decision- 
making, in tasks involving visual patterns of 
moving random dots (4/7, 42) or vibrotactile (43) 
or auditory frequency comparison (44). Compu- 
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tational neuroscience offers a framework to bridge 
the conceptual gap between the cellular and the 
behavioral level. Explicit simulations of micro- 
scopic models based on local networks with large 
numbers of spiking neurons can reproduce and 
explain both the neurophysiological and behay- 
ioral data (39, 45). These models describe the 
interactions between two groups of neurons 
coupled through mutually inhibito- 
ry connections (Fig. 2C). Suitable 
parameters are inferred by studying 
the dynamical regimes of the system 
and choosing parameters consistent 
with the experimental observations 
of decision behavior. Thus, the pure 
bottom-up path is complemented 
by the top-down insights of target 
functions that the network needs 
to achieve. 

Theory has provided a way to 
identify the connection between the 
simulation-based biophysical level 
and the phenomenological drift- 
diffusion models that were used to 
quantify behavioral data in the 
past. This analysis first involves 
reducing the system of millions of 
differential equations to only two 
equations, by the mean-field tech- 
niques (33) discussed in the previ- 
ous paragraph (see Fig. 1A). In this 
reduced system, different dynami- 
cal regimes can be studied by means 
of a bifurcation diagram (Fig. 2B), 
leading to a picture in which the 
dynamics of decision-making can 
be visualized as a ball rolling down 
into one of the minima of a multi- 
well energy landscape. Close to the 
bifurcation point (DD), finally, the 
dynamics can be further reduced to 
a nonlinear one-dimensional drift- 
diffusion model (46) (Fig. 2A). 


Hebbian Assemblies and 
Associative Memories: 
Top-Down Concepts 


The name of Hebb is attached to 
two different ideas that are inti- 
mately linked (5): the Hebbian cell 
assembly and the Hebbian learning 
rule. The former states that mental 
concepts are represented by the 
joint activation of groups of cells 
(assemblies). The latter postulates 
that these assemblies are formed by 
strengthening the connections be- 
tween neurons that are “repeated- 
ly and persistently active together.” 
These strong connections enable 
the network to perform an associa- 
tive retrieval of memories (Fig. 3A): 
If a neuron that is part of the as- 
sembly does not receive an exter- 
nal stimulus sufficient to trigger 


integrate-and-fire 


ions/ 
proteins 


its firing, it can nonetheless be activated by 
lateral excitatory input from active partners in the 
assembly, such that eventually the stored activity 
pattern is completed and the full assembly— 
and thus the memory—is retrieved. Although 
Hebb wrote down his ideas in words, these soon 
inspired mathematical models of learning rules 
and large-scale simulation studies (6). Whereas 


neural 
field/mass 
models 


t Tint 


spike reception 


neurons 


biophysical 
models 


Fig. 1. Bottom-up abstraction scheme for neuronal modeling. (A) Neural 
mass model at the macroscopic scale. (B) Integrate-and-fire point neuron 
model. (C) Biophysical neuron model. The ion currents flowing through chan- 
nels in the cell membrane (left) are characterized by an equivalent electrical 
circuit comprising a capacity C and a set of time-dependent conductances g, 
one for each channel type (right). These currents can generate action po- 
tentials (green). At the next level of abstraction (B), action potentials are treated 
as formal events (“spikes”) generated whenever the membrane potential u 
(solid red line) crosses a threshold 9 (dashed blue line). After each spike the 
voltage is reset (dashed red line). Arrivals of spikes from other neurons (red 
arrows) generate postsynaptic potentials. At the highest level of abstraction 
(A), groups of neurons interact by their population activity A,(t) derived 
mathematically from neuronal parameters. In a continuum description (neural 
field model), different neuronal populations are characterized by their input 
characteristics such as the preferred orientation 6 of a visual stimulus. 
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the simulations pointed to limitations of Hebb’s 
original ideas in practical applications, mathe- 
matical studies (J/, 48, 49) cleared the first 
paths through the jungle of possible model con- 
figurations toward a working model of memory 
retrieval. In analogy to models of magnetic sys- 
tems and spin glasses in statistical physics, the 
picture of memory retrieval as movement toward 
a minimum in an energy landscape 
emerged (Fig. 3B), first in networks 
of binary units (/2, 50) and later for 
rate models (5/, 52). In these frame- 
works, important questions could be 
answered, such as that of memory 
capacity. Because each neuron can 
participate in many different assem- 
blies, memory capacity is difficult 
to estimate by pure verbal reason- 
ing. Theory shows that the num- 
ber of different random patterns 
that can be stored scales linearly with 
the number of neurons (53): A net- 
work with 10,000 neurons can store 
about 1000 patterns, but if we dou- 
ble the number of neurons, we can 
store twice as many. 

It took many steps from these 
abstract concepts to arrive at biolog- 
ically plausible models of memory. 
Whereas the energy landscape anal- 
ogy Is restricted to a limited class of 
abstract models, the concept of mem- 
ory retrieval as movement toward an 
attractor state (Fig. 3C) turned out 
to be robust with respect to model 
details. The top-down path (Fig. 3, 
C to E) of model development in- 
cludes the transition from high-activity 
states to low-activity states (54); from 
networks with complete and recip- 
rocal connectivity to ones with sparse 
and asymmetric connections (55); 
tuning of inhibition in sparsely ac- 
tive networks (56); transition from 
rate neurons to spiking neurons 
(34, 57, 58); addition of a spontane- 
ous state at low firing rates (59, 60); 
homeostatic control of threshold or 
plasticity (47, 6/); and further steps 
still to be taken, so as to solve the 
issue of online learning in associa- 
tive memory networks (62). The 
above historical sketch shows the 
flow of ideas from top to bottom, by 
adding biological realism and de- 
tails to well-understood abstract con- 
cepts. As research moves along this 
path, numerical simulations gain in 
importance, but theory remains the 
guiding principle. Given the tech- 
nical challenges of detecting dis- 
tributed but jointly active neuronal 
assemblies in the brain, it is not 
surprising that experimental evi- 
dence for associative memories as 
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attractor states remains scarce and indirect: Neither 
invariant sensory representations as observed in 
individual high-level neurons (63) nor persistent 
activity during working memory tasks (64, 65) 
are sufficient to prove attractor dynamics, and the 
interpretation of multiunit recordings during 
remapping in the hippocampus as a signature 
of attractors (66) has been questioned (67), so 
that novel experimental approaches that enable 
large-scale recordings of complete neural ensem- 
bles (68-70) will be necessary. 


Reward-Based Learning: From Behavior 

to Synapse 

Hebbian assemblies play a role in models of 
decision-making (e.g., two populations repre- 
senting choices A or B), but the assemblies are 
fixed and do not change. As such, these models 
describe static stimulus-response mappings that do 
not take into account that we can alter our deci- 
sion strategies, that we can learn from experience. 
Theories of behavioral learning are an example 
for a top-down approach that has led from psy- 


chology to models of synaptic plasticity, which 
go beyond a simple Hebbian learning rule. 

Models of behavioral learning date back to 
early experimental psychology. Thordike’s “law 
of effect” (7/) stated that animals use behavioral 
alternatives more often when they were rewarded 
in the past. The mathematical theory of Rescorla 
and Wagner (/3) extended this idea and suggested 
that it is not reward per se that drives learning, 
but the discrepancy between actual and expected 
outcome—an insight that is also essential in mod- 
els of temporal difference learning (72). In the 
1980s, this line of research on trial-and-error learn- 
ing in animal psychology and artificial intelligence 
joined the parallel, mainly engineering-driven line 
of control theory (73) to form the large research 
field of reinforcement learning (74). 

Although reinforcement learning often makes 
use of neural architectures (75, 76), its main focus 
is algorithmic. The renewed interest of computa- 
tional and theoretical neuroscience in reward- 
based learning was triggered in the 1990s by two 
physiological findings. First, Schultz and col- 


leagues discovered that dopamine neurons in the 
midbrain respond to unexpected rewards (77) 
with activity patterns that resemble the reward 
prediction error of temporal difference learning 
(14). Moreover, it was shown that synaptic plas- 
ticity, long hypothesized to form the neural basis 
of learning (78), is under dopaminergic control 
(79-81) and is thus modulated by reward pre- 
diction errors. These findings have led to the idea 
that the traditional Hebbian view of synaptic plas- 
ticity driven by pre- and postsynaptic activity must 
be augmented by reward prediction error as a 
third factor (80). The current tasks of computa- 
tional neuroscience are to compare the learning 
rules suggested by the top-down approach with 
experimental data, and to generalize existing 
concepts in order to evaluate whether, and under 
what conditions, three-factor leaming rules (82-84) 
of reward-modulated Hebbian synaptic plastic- 
ity can be useful at the macroscopic level of 
networks (85, 86) and behavior (87, 88). 
Reinforcement learning is a textbook ex- 
ample for a synergistic interaction of theory 


Fig. 2. Binary decision-making. (A) Behavioral level: Drift-diffusion model for reaction 
time experiments (37). A decision is taken (arrow) when the decision variable hits a 
threshold (first trial, green, choice A; second trial, red, choice B). (B) Mesoscopic level: 
Mathematical model of interacting populations. A decision can be visualized (left) as a 
ball moving down the energy landscape into one of the minima corresponding to A or 
B. The black lines in the energy landscape correspond to an unbalanced (50-50) free 
choice (i.e., no evidence in favor of any decision); the dotted red lines represent the cases 
with evidence for decision A. The three different landscapes correspond to different 
parameter regimes, indicated in the bifurcation diagram (right). In the multistable region 
(M), the spontaneous state is stable, but noise can cause a transition to a decision. In the 
bistable region (BI), a binary choice is enforced. At the bifurcation point (DD), the land- 
scape around the spontaneous state is flat and the decision dynamics can be further 
reduced to the drift-diffusion process in (A). The vertical dashed line in the energy 
landscape indicates the “point of no return” and correspond to the decision thresholds 
in (A). (C) Multineuron spiking model (38, 39). Two pools of neurons (left) receive input 
representing evidence for choice option A or B, respectively, while shared inhibition leads 
to a competition between the pools. In the absence of stimuli, the system is spontaneously 
active, but if a stimulus is presented, the spontaneous state destabilizes and the dynamics 
evolve toward one of the two decision states (attractor states, bottom right). During a 
decision for option A, the firing rate of neurons in pool A increases (top right, green line). 
The mathematical model in (B) can be derived from the spiking model in (C) by mean-field 
methods (40). The parameter of the bifurcation diagram in (B) is the strength of excitatory 
self-interaction of neurons in (C). 
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and simulation. Most algorithms are based on 
mathematical theory, but without an actual 
implementation and simulation, it is difficult to 
predict how they perform under realistic condi- 
tions. The undesired increase in learning time with 
problem complexity observed in simulations of 
most algorithms poses challenges for the fu- 


in (for example) a study of the interaction of a 
drug with a synapse, the synapse could be sim- 
ulated at the molecular level; the neuron on which 
the synapse sits could be simulated at the level of 
biophysical model neurons; the brain area in 
which the circuit is embedded could be simu- 
lated at the level of integrate-and-fire models; 


REVIEW / 


and the remaining brain areas can be summarized 
in population equations that describe their mean 
activity. Theory provides the methods to sys- 
tematically bridge the scales while ensuring the 
self-consistency of the model. 

Second, theories guide simulations of learn- 
ing. Because learning (at the behavioral level) 


ture. The solution could lie in effi- 
cient representations of actions (89) 
as well as environmental and bodily 
states (90), possibly adapted through 
Hebbian learning; place cells could 
serve here as an example (9/, 92). 
Large-scale simulations will be key 
to evaluating whether neuronal rep- 
resentations across different brain 
areas are apt to turn complex reward- 
based learning tasks into simple ones, 
or whether we need a paradigm shift 
in reward-based learning. 


Large-Scale Simulation 
Needs Theory 


With the growth of computer power, 
the notion of large-scale simulation 
continues to change. In the 1950s, 
networks of 512 binary neurons were 
explored on the supercomputers of 
that time (6); both network size and 
biological realism increased in the 
1980s to 9900 detailed model neu- 
rons (93). Current simulations of net- 
works go up to 10° (94) or 10'' (95) 
integrate-and-fire neurons or 10° 
multicompartment integrate-and-fire 
models with synaptic plasticity (96). 

The structure of neural networks, 
which is intrinsically distributed and 
parallel, lends itself to implementa- 
tions on highly parallel computing 
devices [e.g., (97, 98)] and has trig- 
gered specialized “neuromorphic”’ 
design of silicon circuits (99, 100). Fu- 
ture implementations of large networks 
of integrate-and-fire neurons with syn- 
aptic plasticity on specialized paral- 
lel hardware (/0/—104) should run 
much faster than biological real 
time, opening the path toward rapid 
exploration of learning paradigms. 
Current large-scale implementations 
on general-purpose or specialized 
computing devices are feasibility 
studies suggesting that the simula- 
tion of neural networks of the size of 
real brains is possible. But before 
such simulations become a tool of 
brain science, major challenges need 
to be addressed—and this is where 
theory comes back into play. 

First, theory supports simulations 
across multiple spatial scales. Even 
on the biggest computers it is im- 
possible to simulate the whole brain 
at a molecular resolution. However, 
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Fig. 3. Top-down evolution of ideas and models from Hebbian assemblies to associative memories. (A) Left: According 
to Hebb, neurons that are active together (red triangles) during a concept such as “apple” form a cell assembly with 
stronger excitatory connections with each other (thick lines) relative to connections to and from inactive neurons 
(yellow). Right: Partial information is sufficient to excite the inactive neuron of the assembly and retrieve the full 
concept (green arrow indicates flow of network dynamics). (B) The dynamics can be visualized in an energy landscape 
(energy as a function of network state) as a downward flow into the well corresponding to “apple”; other concepts (car, 
grandmother) correspond to other minima of the energy. (C) Similarity of the present network state with one of the 
assemblies. After a short presentation of partial information resembling the concept “apple,” the network moves 
toward an attractor state with high similarity (blue) to the corresponding assembly. After a reset, the network is ready to 
respond to a second stimulus (“car,” red). Similarity with other learned patterns (green) remains nearly unchanged 
during retrieval of one of the memories. The dashed horizontal line indicates maximal similarity, and therefore identity, 
with a stored assembly. (D) In a brainlike neural network, only few units have elevated firing rates (red). (E) Memory 
retrieval from partial information also works in networks of excitatory (red) and inhibitory (black) spiking neurons. In 
the spontaneous state (left), each neuron emits only a few spikes (vertical bars along a horizontal line); during memory 
retrieval, a few excitatory neurons fire many spikes (right). [Adapted from (47)] 
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and long-term plasticity of synapses (at the 
cellular level) evolve on the time scale of hours, 
experimental progress is slow and data to con- 
strain synaptic plasticity rules are scarce. Even 
before a candidate plasticity rule is implemented 
in a simulation, theories allow us to predict, in 
some cases, that a given rule cannot work for the 
task at hand; that another rule should work, but 
might be slow; and that yet another rule should 
work perfectly if combined with some finely 
tuned homeostatic process, etc. 

Third, regularization theories provide a frame- 
work for optimization of parameters. Even at 
the level of a single neuron, the number of pa- 
rameters is huge because there are about 200 
different types of ion channels (05), the den- 
sity of which varies along the dendrite. More- 
over, in a network of billions of neurons, each 
with thousands of connections, the number of 
parameters to specify the connectivity is daunt- 
ing. How then, can experimental findings ever 
sufficiently constrain such detailed models? 

A solution to this problem could be provided 
by regularization theory, which penalizes param- 
eter settings that deviate from what is considered 
plausible. The challenge in the application of reg- 
ularization to biologically detailed neural networks 
consists in designing appropriate regularization 
terms that summarize plausible prior assumptions 
in a transparent fashion. For example, ion chan- 
nel distributions along a dendrite can be regular- 
ized by imposing plausible density profiles (0, 106) 
and penalizing the use of more than a few chan- 
nels for any neuron (/07). Connectivity can be 
regularized by penalizing deviations from simple 
“connectivity rules” (/08, 109). 

Fourth, theory drives understanding. It is ex- 
tremely difficult to control a complex simulation 
if we do not have an intuition of the basic mech- 
anisms at work. Mathematical abstraction forces 
us to express intuitions rigorously—to turn ideas 
into toy models. These not only make qualitative 
predictions of how a complex simulation should 
behave under changes of parameters, but also 
provide the understanding necessary to commu- 
nicate ideas to others. 


Theory Needs Simulations 


Although theoretical concepts exist for some brain 
functions, many of our cognitive abilities still 
await neurally plausible models—for example, 
verbal and mathematical reasoning or representa- 
tions of language and music. Will existing and 
future concepts developed in mathematical toy 
models be transferable to systems of the size of a 
brain with realistic input and output? We believe 
so, but extensions to large systems cannot cur- 
rently be tested. In our opinion, mathematical toy 
models will continue to play a major role in 
guiding the way we think about neuroscience. 
However, initiatives for shared modular and re- 
usable code and standardized simulator inter- 
faces (110-113) are important; today the biggest 
problems addressed in computational neuroscience 
are often limited to the size of one Ph.D. project. 


More generally, the community of theoretical and 
computational neuroscience would profit from a 
simulation environment where the ideas devel- 
oped in the toy models could be tested on a 
larger scale, in a biologically plausible setting, 
and where the ideas arising in different commu- 
nities and labs are finally connected to the bigger 
whole. 
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INTRODUCTION 


Defeating 


DEPRESSION IS A DEVASTATING DISEASE. IT AFFECTS NOT ONLY THE DIRECTLY 
afflicted but also the people around them, their families, and their closest rela- 
tions. It indiscriminately hits all strata of society, no matter one’s intellectual back- 
ground, age group, or economic situation. There are many cases of highly success- 
ful and widely admired individuals who have been struggling with depression for 
years. Unfortunately, for reasons we still do not fully understand, this condition has 
been on the rise over the past decades. Considering its impact on an individual’s 
quality of life and subsequently on the economy and society in general, gaining an 
understanding of what causes depression and trying to develop effective therapies 
is of utmost importance. Hence, this year’s Neuroscience Special Issue is devoted 
to different aspects of depression. 

Duman and Aghajanian (p. 68) review evidence from basic and clinical studies 
that stress and depression cause neuronal atrophy and decreased synaptic connec- 
tions in cortical and limbic brain regions. Antidepressants can block or reverse these 
neuronal deficits, although typical antidepressants have limited efficacy; however, 
novel rapidly acting antidepressants produce a fast induction of synaptogenesis and 
quickly reverse synaptic deficits caused by chronic stress. Together, these findings 
support a synaptogenic hypothesis of depression and treatment response. 

Newly generated neurons are required for mood control and for the beneficial 
effects of antidepressants. Understanding adult neurogenesis may therefore pro- 
vide a road map for the development of new treatments for depression. Introduc- 
ing the concept of the neurogenic interactome, Eisch and Petrik (p. 72) synthesize 
recent seminal findings relevant to neurogenesis, with special emphasis on the 
interchange between stress, depression, and cognition. 

Developing a suitable animal model is often an important step for understand- 
ing the basic mechanisms underlying a disease. Berton et al. (p. 75) summarize the 
current models for mood disorders and attempt a prospective analysis of potential 
tests or tools that might be implemented to improve our repertoire of such models 
for depression. The problem of animal models is also touched on in an article on 
why mental illnesses are so hard to treat, part of a Mysteries of the Brain package 
in the News Focus section, starting on p. 30. 

However, not all is bleak. There are individuals who overcome difficult situ- 
ations and show astonishing resilience in the face of adverse circumstances and 
other forms of acute or chronic traumatic stress. Studying them might provide 
us with clues about what can go right. Southwick and Charney (p. 79) provide an 
overview of current ideas about why some people are more protected against stress 
and depression than others and how this knowledge may help us develop better 
treatments and successful prevention strategies. 

In Science Signaling, Shah describes evidence that hyperpolarization- 
activated, cyclic nucleotide—gated channels may be therapeutic targets for 
the treatment of depression, and Anisman and Hayley describe how targeting 
inflammatory mediators may enhance the efficacy of conventional therapies for 
depression. — PETER STERN 
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REVIEW 


Synaptic Dysfunction in Depression: 
Potential Therapeutic Targets 


Ronald S. Duman* and George K. Aghajanian 


Basic and clinical studies demonstrate that depression is associated with reduced size of brain regions 
that regulate mood and cognition, including the prefrontal cortex and the hippocampus, and decreased 
neuronal synapses in these areas. Antidepressants can block or reverse these neuronal deficits, 
although typical antidepressants have limited efficacy and delayed response times of weeks to months. 
A notable recent discovery shows that ketamine, a -methyl-p-aspartate receptor antagonist, produces 
rapid (within hours) antidepressant responses in patients who are resistant to typical antidepressants. 
Basic studies show that ketamine rapidly induces synaptogenesis and reverses the synaptic deficits caused 
by chronic stress. These findings highlight the central importance of homeostatic control of mood circuit 
connections and form the basis of a synaptogenic hypothesis of depression and treatment response. 


espite extensive research, the neurobiol- 
De of major depressive disorder (MDD) 

remains poorly understood due to lack 
of biomarkers, relatively low rates of heritability, 
and heterogeneity of precipitating factors, includ- 
ing stress (/—3). Studies of antidepressant mech- 
anisms and the development of more effective 
therapeutic agents have also progressed slowly. 
The widely prescribed serotonin selective reuptake 
inhibitors (SSRIs), derived from drugs developed 
more than 50 years ago, take weeks to months to 
produce a therapeutic response and are only mod- 
erately effective, leaving more than one-third of 
depressed individuals resistant to drug treatments (3). 

However, basic and clinical studies have begun 
to shed light on this widespread, debilitating ill- 
ness that is characterized by loss of pleasure (an- 
hedonia); decreased cognition and memory; and 
disrupted sleeping, eating, ambulation, and sexual 
activity. There are consistent reports of decreased 
size of brain regions implicated in depression, 
as well as neuronal atrophy, including loss of 
synapses in MDD and rodent chronic stress mod- 
els. Recent studies report what is arguably the 
most important discovery in half a century: the 
therapeutic agent ketamine that produces rapid 
(within hours) antidepressant actions in treatment- 
resistant depressed patients (4, 5). Notably, the 
rapid antidepressant actions of ketamine are as- 
sociated with fast induction of synaptogenesis 
in rodents and reversal of the atrophy caused by 
chronic stress (6, 7). 

We propose a hypothesis that depression is 
caused by disruption of homeostatic mechanisms 
that control synaptic plasticity, resulting in de- 
stabilization and loss of synaptic connections in 
mood and emotion circuitry. We compare and 
contrast the mechanisms underlying typical anti- 
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depressants and ketamine, particularly the induction 
of synaptogenesis. Together, these studies pro- 
vide a framework for current and future studies of 
the neurobiology of depression and for the treat- 
ment and prevention of MDD and other stress- 
related illnesses. 


Neuronal Atrophy and Synaptic Loss 
in Depression 


Brain-imaging studies of depressed patients pro- 
vide strong and consistent evidence of decreased 
volume of cortical and limbic brain regions— 
such as the prefrontal cortex (PFC) and the 
hippocampus—that control emotion, mood, and 
cognition, suggestive of neuronal atrophy that is 
related to length of illness and time of treatment 
(8, 9). Functional imaging studies report reduc- 
tions of connectivity of the hippocampus and the 
PFC, as well as other brain regions, although there 
are also reports of increased connectivity of some 
regions, indicating a more complex disruption of 
brain circuits (J0, 17), possibly due to dysregu- 
lation of reciprocal connections (9). According- 
ly, it has been proposed that dysregulation rather 
than an overall increase or decrease of connec- 
tivity within PFC networks and their target limbic 
regions are responsible for the disturbances in 
emotional, cognitive, and autonomic regulation in 
mood disorders (9). Also, whereas imaging pro- 
vides connectivity information on a particular brain 
region, it does not provide information on the in- 
tegrity and efficiency of connections, which will 
require further analysis. 

Postmortem studies of MDD report a reduc- 
tion in the size but not number of pyramidal 
neurons in the dorsal lateral (dl) PFC (/2). There 
is also evidence that GABAergic interneurons 
(GABA, y-aminobutyric acid) are decreased in 
the dIPFC, along with consistent reports of de- 
creased glia (12, 73). Similar reductions in neuro- 
nal cell body size and neuropil have been reported 
in the hippocampus of patients with MDD (/4). 
Magnetic resonance spectroscopy demonstrates 


altered levels of GABA and glutamate cycling, in- 
dicating an imbalance of these major neurotrans- 
mitters in MDD patients (/5). 

Studies of neuronal morphology in human 
postmortem brain tissue have been hampered by 
poor fixation and tissue condition, but we re- 
cently reported that the number of synapses, de- 
termined by electron microscopy, is decreased in 
the dIPFC of depressed patients (/6). Evidence 
in support of a reduction of synapse number is 
provided by reports of decreased levels of synap- 
tic signaling proteins in MDD patients, including 
decreased levels of glutamate receptor subtypes, 
presynaptic neurotransmitter vesicle-associated pro- 
teins, and postsynaptic structural and functional 
proteins in the dIPFC, the hippocampus, and other 
forebrain structures (16-19). In many cases, the 
molecular alterations associated with depression 
can be distinguished from the medication status 
of the patients, although studies are not always 
sufficiently powered to make this distinction. 


Stress Causes Neuronal Atrophy and 
Decreases Synaptic Density 


Rodent studies have provided detailed evidence 
of neuronal atrophy, reduced synaptic density, 
and cell loss in models of depression and stress 
(Fig. 1). Chronic unpredictable stress (CUS), a pu- 
tative model of depression, results in behavioral 
abnormalities, including core symptoms of depres- 
sion such as anhedonia (7). CUS exposure causes 
a reduction in the length and branching of apical 
dendrites and decreases the number and function 
{1.e., reduction in serotonin [5-hydroxytryptamine 
(5-HT)] and hypocretin-induced excitatory post- 
synaptic potentials} of spine synapses in layer V 
pyramidal neurons of the medial PFC (Fig. 2) (7). 
Other chronic stress paradigms (such as restraint 
stress) cause similar reductions in dendrite com- 
plexity and spine density in PFC neurons and CA3 
pyramidal cells of the hippocampus (20-22). Chron- 
ic stress also decreases neurogenesis (23) in the 
adult hippocampus and the number of glia in the 
medial PFC (2, 24), consistent with reports in 
postmortem MDD (/2). 

Atrophy of PFC pyramidal neurons is ob- 
served after as little as 1 week of restraint stress 
(20 to 30 min per day), indicating that these cells 
are particularly sensitive (20). High levels of so- 
cial, environmental, and work-related stressors are 
experienced routinely in everyday life and prob- 
ably cause PFC neuronal atrophy in many indi- 
viduals. Dendrite complexity and synaptic density 
can also be increased or the effects of stress re- 
versed by antidepressants, enriched environment, 
and exercise (6, 7, 2/). In contrast, chronic stress 
causes hypotrophy of neurons in the amygdala and 
nucleus accumbens (24, 25), effects that could 
contribute to disrupted emotion, motivation, and 
reward behaviors that are regulated by these brain 
regions, demonstrating the involvement of a 
broader neurocircuit in the pathophysiology of 
depression. 
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Mechanisms Underlying Disruption of 
Synaptic Homeostasis and Behavior 

The reason that neuronal atrophy in response to 
stress has evolved is unclear. One possibility is 
that the mechanisms underlying these effects are 
designed to be engaged only briefly during the 
fight-or-flight response and then rapidly turned 
off when the stress and/or danger has subsided. 
Acute stress responses are necessary for shunting 
energy and resources to the appropriate organs 
and tissues for maximal responses to danger situa- 
tions. However, continued or long-term stress expo- 
sure and sustained activation of the accompanying 
physiological signals have negative effects on brain 
and many other organ systems. This hypothesis is 


Control 


Val/Val 


Met/Met 


supported by studies demonstrating that acute stress 
enhances glutamate transmission in the PFC and 
related cognitive function, but that chronic stress 
disrupts these processes (26). 

One of the most frequently studied stress- 
activated systems is the hypothalamic-pituitary- 
adrenal (HPA) axis. Chronic exposure to adrenal 
glucocorticoids causes atrophy of neurons in the 
PFC and hippocampus, similar to the effects of 
chronic stress (20-22). Activation of the HPA axis 
and loss of negative feedback occur in more than 
50% of depressed patients, highlighting the im- 
pact of this endocrine system in mood disorders. 

Alterations of brain-derived neurotrophic factor 
(BDNF). Stress and adrenal-glucocorticoids in- 


N 
Val66Met 
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BDNF 


@ 
4 BDNF 
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Fig. 1. Atrophy of cortical neurons is caused by chronic stress or a BDNF polymorphism. Representative 
confocal photomicrographs of labeled layer V pyramidal neurons in the medial PFC are shown. (Top) Effects of 
restraint stress (~30 min per day, 7 days) on dendrite length and branching. (Bottom left) Pyramidal neuron 
dendrites from wild-type (WT; Val66Val66) mice compared with mice with a knock-in of one or both Met alleles. 
(Bottom right) The Met allele decreases the transport of BDNF transcripts to dendrites and activity-dependent 
release of BDNF, which leads to atrophy of pyramidal neurons, including decreased number and length of 
dendrite branches. There is a gene dose effect, with Val66Met66 knock-in mice showing an intermediate effect 
and Met66Met66 mice a greater effect compared with WT Val66Val66 mice. Adapted from (20, 32). 
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fluence neuronal systems at many levels, but 
neurotrophic factors (particularly BDNF) have 
been of particular interest with respect to atrophy 
of neuronal connections (2, 24). BDNF is required 
for neuronal development early in life and for neu- 
ronal survival and function, including activity- 
dependent synaptic plasticity, in the adult brain 
(24). Stress or glucocorticoid exposures decrease 
the expression of BDNF in the hippocampus and 
the PFC, and levels of BDNF are decreased in 
postmortem brains of depressed patients (2, 24). 
Conversely, chronic administration of a typical anti- 
depressant increases BDNF expression in these 
brain regions, and the behavioral actions of anti- 
depressants are blocked in BDNF deletion mu- 
tant mice (24). BDNF deletion mutants are also 
more vulnerable to stress (24, 27), and targeted de- 
letion of BDNF in the hippocampus is sufficient 
to cause depressive behaviors (28). In contrast to 
the PFC and the hippocampus, BDNF activity in 
the mesolimbic dopamine system produces pro- 
depressive effects, demonstrating the region-specific 
actions of this plasticity-related factor (2). 

As might be expected for an activity-dependent 
trophic factor, BDNF substantially affects den- 
drite complexity and spine density (Fig. 1). BDNF 
heterozygous deletion mutant mice exhibit decreased 
dendrite length and branching in the hippocam- 
pus and occlusion of the effects of stress (29, 30). 
Mice with a knock-in of a human loss-of-function 
BDNF gene variant (Val66Met) also show reduced 
dendrite length and decreased spine-synapse den- 
sity, maturity, and function in the hippocampus 
and/or the PFC (Fig. 1) (27, 29, 31, 32). The Met 
polymorphism impairs the transport of BDNF mRNA. 
to subsynaptic sites, a requirement for activity- 
dependent local translation of proteins essential for 
synaptic formation and maturation (Fig. 1) (27, 29, 
31, 32). Brain-imaging studies demonstrate that 
carriers of the Met polymorphism have decreased 
hippocampal volume and reduced executive func- 
tion (8, 29) and, if exposed to early-life stress, are 
more vulnerable to depressive symptoms (33). 

Disrupted synaptic signaling pathways. Stress 
and depression also disrupt BDNF—tropomyosin- 
related kinase B (TrkB) receptor signaling, includ- 
ing reductions of the downstream extracellular 
signal-regulated kinase (ERK) and Akt pathways 
in the hippocampus and PFC (24, 34). These path- 
ways positively influence synaptic maturation and 
stability via regulation of synaptic protein synthesis 
and glutamate receptor cycling (35, 36). Decreased 
Akt activity in the ventral tegmental dopamine 
neurons is associated with increased susceptibil- 
ity to social defeat stress and is reversed by anti- 
depressant treatment in rodents and in human 
postmortem tissue (37). In addition, stress and 
depression increase levels of a negative regulator 
of ERK signaling, mitogen-activated protein ki- 
nase phosphatase 1, that is sufficient to cause 
depressive behaviors (34) and decrease a down- 
stream target of BDNF, neuritin, that is required 
for normal antidepressant behavior (38). Chronic 
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stress also inhibits glutamate signaling and trans- 
mission via ubiquitin-mediated degradation of glu- 
tamate receptors in the PFC that are correlated 
with cognitive function (26). In addition, the re- 
duction of synaptic density and proteins in response 
to stress and in the PFC of depressed patients is 
associated with increased expression of a transcrip- 
tional repressor of synaptic proteins (/6). 
Another signaling molecule that is regulated 
by BDNF-Akt signaling and is implicated in syn- 
aptic homeostasis is glygocen synthase kinase 3 
(GSK3). GSK3 is involved in synaptic deconsolida- 
tion or pruning—the opposite of synaptogenesis— 
via regulation of glutamate receptor cycling (35). 
GSK3 is inhibited by Akt and is activated by pro- 
tein phosphatase 1 (PP1). An excess of GSK3- 
deconsolidation could contribute to the reduction 
in spine synapses in response to stress and depres- 
sion (Fig. 3) (39). Postmortem studies report in- 
creased levels of activated GSK3 in MDD or 
bipolar depression, in support of this hypothesis 
(39). Levels of GSK3 activity in the nucleus ac- 
cumbens are also associated with social defeat 
stress, and blockade of GSK3 in this brain region 
or in response to systemic administration of a 
GSK3 inhibitor produces antidepressant effects in 
behavioral models of depression (39, 40). 


Antidepressant Regulation of Synaptogenesis 
and Behavior 


In contrast to the effects of stress and depression, 
typical antidepressants, with chronic treatment, 
produce a slow increase in neurotrophic factor ex- 
pression and enhance synaptic plasticity. More- 
over, the rapid-acting agent ketamine has fast and 
dramatic effects on synaptic function and spine 
density, providing further evidence for the rele- 
vance of synaptic alterations in depression and 
treatment response. Here, we provide a brief over- 
view of typical antidepressants and synaptic plas- 
ticity and compare and contrast this with the 
actions of the rapidly acting drug ketamine. 
Dypical antidepressant drugs increase neuro- 
plasticity. Evidence that typical antidepressants, 
such as the highly prescribed SSRIs, could influence 
synaptic plasticity is provided by electrophysio- 
logical studies demonstrating that chronic admin- 
istration of fluoxetine enhances synaptic transmission 
and/or long-term potentiation (LTP), a cellular mod- 
el of learning (4/). Recent studies using elegant 
behavioral models of plasticity also provide evi- 
dence that chronic administration of fluoxetine 
reinstates ocular dominance plasticity in the adult 
mouse visual cortex and enhances the extinction 
of conditioned fear, an active leaming process (42, 43). 
BDMF is required for the actions of fluoxetine on 
synaptic transmission, LTP, ocular dominance plas- 
ticity, and extinction training plasticity (4/—43). 
There is also evidence that chronic antidepressant 
administration can increase spine density (44) or 
block the atrophy of dendrites and spines caused by 
chronic stress exposure (45, 46), although the role 
of BDNF in these effects has not been examined. 


The behavioral response to antidepressants is 
blocked in BDNF deletion or BDNF Met knock- 
in mice (24, 27, 29). 

Despite these positive neuroplasticity effects, 
SSRIs and other currently prescribed antidepressants 
have substantial limitations, including slow rates 
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of response and modest therapeutic efficacy. These 
limitations could be due to genetic or environmen- 
tal factors that increase the severity of depression 
and/or resistance to treatment in certain individuals. 
However, these agents target only monoamines, 
which are modulatory transmitters and would not 
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Fig. 2. Chronic stress decreases synaptic connections and produces depressive-like behavior: rapid reversal by 
ketamine. (A) Confocal photomicrographs of labeled layer V pyramidal neurons in the medial PFC, showing the 
effects of CUS (21 days) on spine-synapses in layer V pyramidal neurons and reversal by a single dose of 
ketamine 1 day later. (B) Effects of chronic stress + ketamine administration on 5-HT— or hypocretin (Hcrt)— 
induced excitatory postsynaptic potentials (EPSPs). (C and D) Quantitative analysis of the effects of CUS + 
ketamine on spine density and the corresponding regulation of spine synapse function, 5-HT— or Hcrt-induced 
EPSP frequency (percentage of control). (E and F) Influence of CUS + ketamine on behavior in (E) the sucrose 
preference test (measured by percentage of preference for a sucrose solution) and (F) novelty suppressed 
feeding, measured by latency to feed in an open field (measured in seconds). These models provide measures of 
anhedonia and anxiety, respectively, and are rapidly (1 day) reversed by ketamine, compared with the 
requirement for long-term administration (3 weeks) of a typical antidepressant. Error bars indicate SEM; asterisks 
indicate significance from control (C to F) or between CUS and CUS+ket (E, Hert). Adapted from (7, 20). 
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be expected to produce a robust impact on synaptic 
transmission, activity-dependent release of BDNF, 
and synaptogenesis. Agents such as ketamine that 
produce more profound effects on fast excitatory 
glutamate transmission and increase BDNF re- 
lease and synaptogenesis may be required to treat 
certain types or more severe forms of depression. 


Rapid-Acting Antidepressants 
Increase Synaptogenesis 


The recent discovery that ketamine, a /-methyl-p- 
aspartate (NMDA) receptor antagonist, produces 
rapid antidepressant responses in treatment-resistant 
depressed patients addresses the major limitations 
of available agents (4, 5, 47). A single dose of 
ketamine alleviates depressive symptoms within 
hours in patients who have failed to respond to 
two or more conventional antidepressants, and the 
effects are sustained for 7 to 10 days. Ketamine is 
also effective for bipolar depression and decreases 
suicide ideation (48). The fast, efficacious actions 
of ketamine by a different mechanism, NMDA re- 
ceptor blockade, make this an exciting advance for 
depression therapeutics. The discovery that ketamine 
rapidly increases the number and function of synap- 
tic connections has focused attention on synapto- 
genesis as a fundamental process for the treatment 
of depressive symptoms and also suggests that 
disruption of synaptogenesis and loss of connections 
underlies the pathophysiology of depression (Fig. 3). 

Ketamine also produces fast antidepressant 
behavioral responses in rodent models, and these 
effects are correlated with rapid induction of 
synaptic proteins (within hours) and the number 


Regular mood 
Synaptic homeostastis 


and function of spine synapses in layer V pyram- 
idal neurons of the PFC (6). Ketamine rapidly 
reverses the deficit in spine density, as well as 
the anhedonia and anxiety caused by exposure 
to chronic stress (3 weeks) (Fig. 2) (7). These ef- 
fects are preceded by activation of the mammalian 
target of rapamycin (mTOR) signaling pathway 
and are blocked by infusions of the selective 
mTOR inhibitor rapamycin (Fig. 3) (6, 7). The 
mTOR pathway, which is localized to dendrites 
and cell bodies and regulates translation, has been 
linked to activity-dependent, long-term synapto- 
genesis reliant on protein synthesis (36). 
Ketamine rapidly and transiently increases 
glutamate transmission in the PFC, possibly via 
inhibition of tonically active GABAergic inter- 
neurons, and the resulting burst of glutamate is 
thought to underlie ketamine induction of synapto- 
genesis (6, 7). In addition, the synaptogenic ac- 
tions of ketamine are blocked in mice with a 
knock-in of the BDNF Met allele that impairs 
BDNF mRNA transport to dendrites, as well as in 
conditional BDNF mutant mice (32, 49). These 
findings are consistent with cell culture studies 
demonstrating that glutamate receptor stimulation 
of synaptogenesis requires the release of BDNF to 
stimulate TrkB-mTOR signaling and synaptic 
protein synthesis (50). Activity-dependent release 
of BDNF could also explain why ketamine is 
more rapid and efficacious than conventional anti- 
depressants, which increase the expression but not 
the release of BDNF. A requirement for the syn- 
thesis of BDNF, as well as other synaptic proteins, 
is supported by evidence that inhibition of elon- 
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gation factor 2 kinase and desuppression of trans- 
lation are required for the actions of ketamine (49). 

Ketamine also rapidly increases activity-regulated 
cytoskeleton-associated protein (Arc) (6), which 
is required for actin polymerization and stable 
expansion of dendritic spines (Fig. 3) (57). The ac- 
tions of ketamine also require inhibition of GSK3 
(52). As discussed above, GSK3 could contribute 
to synaptic deconsolidation and is increased in 
brains of MDD patients (39). The actions of keta- 
mine may include blockade of NMDA receptors 
that lead to activation of GSK3 via PP1, thereby 
causing spine destabilization (35). 

The rapid antidepressant actions of ketamine 
could involve a number of cortical and limbic brain 
regions, many of which are reported to show al- 
terations of glutamate transmission and synaptic 
activity. We have found that infusion of rapamycin 
into the medial PFC, but not the dorsal striatum, 
blocks the effects of systemic ketamine admin- 
istration (6). Additional blocking studies, as well 
as local infusions of ketamine, are needed to fur- 
ther define the brain regions and circuits under- 
lying the rapid actions of ketamine. Also, because 
the interpretation of preclinical studies is limited 
by the animal models available, additional human- 
imaging studies will be needed to confirm the cir- 
cuitry underlying the clinical response to ketamine. 

New rapid-acting therapeutic targets. The 
psychotomimetic effects and abuse potential limit 
the development and use of ketamine for the treat- 
ment of depression. However, characterization of the 
mechanisms underlying the actions of ketamine has 
led to new potential targets for drug envelopment. 


Rapid antidepressant 
Synaptogenesis 


Coping, exercise, 
Enrichment: synaptic 
homeostasis 


GluA1 homeostasis 


Fig. 3. Model depicting the synaptogenic basis of depression and treatment 
response. (Left) Regular mood (synaptic homeostasis). Under normal condi- 
tions, levels of synapse number and function are maintained by homeostatic 
mechanisms that contribute to regular mood. This includes cycling of gluta- 
mate A1 (GluA1) receptors to and from the synapse. (Middle) Depression 
(synaptic destabilization). Chronic stress exposure decreases synaptic density, 
similar to the destabilization of spine synapses that occurs under conditions 
that cause long-term depression (LTD). Neuronal atrophy and synaptic loss 
are reversible, possibly more rapidly in resilient individuals with coping, exer- 
cise, or enriched environment. Stress also decreases BDNF, and BDNF deletion 
mutant mice exhibit similar synaptic deficits, suggesting that this neurotrophic 
factor may contribute to the loss of synapses and neuronal atrophy. GSK3, 


Stress Ketamine 
BDNF decrease Glutamate burst 
(LTD-like) (LTP-like) 
——_—_—_—_—_—— ————_—_—_—_—— 


GluA1 internalization 


Depression relapse: 
Failure of synaptic 
homeostasis 


GluA1 synthesis 


which is increased in depression, can be activated by PP1 and may also contribute 
to synaptic destabilization by promoting the internalization of GluA1. (Right) 
Rapid antidepressants (synaptogenesis). Ketamine rapidly increases glutamate 
transmission and synaptogenesis, similar to LTP. Ketamine-induction of synapto- 
genesis requires BDNF/TrkB-activation of Akt and mTOR signaling, resulting 
in increased translation of synaptic proteins, including GluA1, as well as Arc, 
which is required for the expansion and stabilization of spines. The actions of 
ketamine are also dependent on inhibition of GSK3, which could occur via 
stimulation of Akt or by blockade of NMDA receptors and PP1 (not shown in 
the figure). Depressed patients treated with ketamine relapse after 7 to 10 
days, possibly due to failure of synaptic homeostasis, which could result from 
genetic mutations or environmental factors such as sustained stress. 
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Basic and clinical studies show that selective 
NMDA receptor subtype 2B (NR2B) antagonists 
produce antidepressant behavioral and synapto- 
genic actions (6, 24). However, the clinical response 
to NR2B selective agents does not appear to be 
as rapid as the response to ketamine, and further 
studies are needed to address this issue, as well 
as the efficacy of these agents in treatment-resistant 
patients. Because the actions of ketamine require 
a burst of glutamate transmission, agents that ei- 
ther increase synaptic levels of glutamate or act at 
postsynaptic sites to enhance glutamate receptor 
signaling have been investigated. Blockade of 
mGluR2/3 receptors, which are located presynap- 
tically and regulate the release of glutamate, produces 
rapid behavioral responses that require mTOR sig- 
naling (53, 54). Positive AMPA receptor poten- 
tiating agents produce antidepressant behavioral 
responses in rodents and stimulate mTOR signal- 
ing in cultured cells (75, 50), but further studies are 
required to determine if the behavioral effects are 
dependent on mTOR signaling and synaptogenesis. 

Inhibition of GSK3, which is required for the 
actions of ketamine in rodent models (52), could 
also produce rapid ketamine-like effects or enhance 
the response to ketamine. Other neurotransmitter 
systems that indirectly increase glutamate via reg- 
ulation of tonic firing of GABAergic interneurons 
may also produce ketamine-like effects. For ex- 
ample, the roles of glutamate, synaptogenesis, and 
mTOR signaling in the rapid antidepressant ac- 
tions of scopolamine, a muscarinic receptor antag- 
onist (55), are currently under investigation. 


Conclusions 


Evidence exists for a central role of homeostatic 
control of synaptic connections in key mood-related 


circuits in the etiology and treatment of depres- 
sion. Further studies are required to determine the 
effects of stress and antidepressants on synapto- 
genesis in other circuits and populations of neurons 
(e.g., anterior cingulate cortex, nucleus accumbens, 
amygdala) and to uncover the functional impor- 
tance of synaptic alterations on behavior in models 
of depression and anxiety, as well as cognition, 
learning, and memory. These studies will further 
define the neuronal and synaptic alterations under- 
lying depression and will contribute to the devel- 
opment of safer, more efficacious antidepressants 
that last longer and act faster. 
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PERSPECTIVE 


Depression and Hippocampal 
Neurogenesis: A Road to Remission? 


Amelia J. Eisch* and David Petrik 


Adult-generated hippocampal neurons are required for mood control and antidepressant efficacy, 
raising hopes that someday we can harness the power of new neurons to treat mood disorders such as 
depression. However, conflicting findings from preclinical research—involving stress, depression, and 
neurogenesis—highlight the complexity of considering neurogenesis as a road to remission from 
depression. To reconcile differences in the literature, we introduce the “neurogenic interactome,” a 
platform from which to consider the diverse and dynamic factors regulating neurogenesis. We propose 
consideration of the varying perspectives—system, region, and local regulation of neurogenesis—offered 
by the interactome and exchange of ideas between the fields of learning and memory and mood disorder 
research to clarify the role of neurogenesis in the etiology and treatment of depression. 


ajor depressive disorder is a leading 
cause of disability worldwide (/). There 
is great need for improved understand- 
ing of both the pathophysiology of depression 
and the neuromechanisms of antidepressant ther- 


apeutics. One relatively novel but prevalent area 
of research focuses on the neurogenic hypothesis 
of depression. As one index of its relevance, 
PubMed citations related to this hypothesis 
(search terms “neurogenesis” and “depression”’) 


increased 14-fold from when it was first intro- 
duced (1999 to 2001, 21 citations) to 2011 (2009 
to 2011, 309 citations). How did this hypothesis 
gain traction so quickly? And more importantly, 
after a decade of research, does the neurogenesis 
hypothesis of depression still hold promise for 
paving a road to remission from depression? 

In its simplest form, the neurogenic hypoth- 
esis of depression states that new neurons in the 
adult brain are needed for proper mood control 
and for antidepressant efficacy (2). Once a con- 
troversial phenomenon, the generation of new 
neurons in discrete regions of the adult brain of 
most mammals, including humans, has been re- 
peatedly confirmed by using modern techniques 
(3). One of these neurogenic niches, the subgran- 
ular zone of the dentate gyrus (Fig. 1, A to C), lies 
within the hippocampus. Because the hippocam- 
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pus is a brain region involved in memory and 
mood control, the discovery of adult neurogenesis 
launched two parallel investigations into its func- 
tional roles in memory and mood control (2, 3). 
The neurogenic hypothesis of depression quickly 
became popular because of a wealth of correla- 
tive studies. Humans with depression had decreased 
hippocampal volume (4, 5); decreased neurogenesis 
could lead to a smaller hippocampus. In labora- 
tory animals, antidepressants enhanced hippo- 
campal neurogenesis and did so with a lag time 
similar to the delay between antidepressant ad- 
ministration and clinical efficacy in humans (6), 
reflecting the time of neuronal maturation in the 
adult hippocampus (3). In nonhuman primates, 
stress (a predisposing factor to depression in hu- 
mans) decreased neurogenesis, and neurogenesis 
levels were normalized by antidepressants (7). 
These and many other studies gave the neuro- 
genic hypothesis of depression its initial robust 
trajectory (2): Adult-generated hippocampal neu- 
rons are needed for proper mood control (Fig. 1D) 
and for antidepressant efficacy (Fig. 1E). Even- 
tually, such studies paved the way for causative 
research showing that ablation of hippocampal 
neurogenesis in mice indeed impairs antidepressant 
efficacy (8). 

The neurogenic hypothesis of depression jump- 
started the field in regard to publications and 
ideas, but conflicting results have raised red flags 
about its validity. In laboratory animals, ablation 
of neurogenesis does not always cause depressive- 
like symptoms (9), stress does not always decrease 
neurogenesis (/0), and some effects of antidepres- 
sants are neurogenesis-independent (//). Clini- 
cally, people with mood disorders have hippocampal 
dysfunction and altered stress response, but these 
might be predisposing rather than causative fac- 
tors in depression (/, 4). Also, neurogenesis clear- 
ly persists in the adult human hippocampus 
(12, 13), but the levels are so low relative to 
laboratory animals that questions have been raised 
about whether alterations in neurogenesis could 
result in a functional change (either positive or 
negative) in affect or memory. 


Neurogenic Interactome 


Do these findings spell “the end of the road” for 
the neurogenic hypothesis of depression? From 
our perspective, they do not. We propose that 
differences in the literature can be accounted for 
by considering the diverse and dynamic factors 
regulating neurogenesis, using a model we refer 
to as “neurogenic interactome” (Fig. 1F). The 
neurogenic interactome consists of key endocrine 
and neurochemical signaling cascades, reciprocal 
connections among brain regions that control 
adult neurogenesis, and their major downstream 
influences on behavior. Below we briefly show 
how evaluation of three elements in our model— 
interplay of different brain structures, the diverse 
functions of the hippocampus, and the heteroge- 
neous components of the neurogenic niche— 


reconciles apparent discrepancies in the neuro- 
genic hypothesis of depression and lays a 
roadmap for future research. 

First, the neurogenic interactome highlights 
the importance of input connections to hippocam- 
pus in regulation of adult neurogenesis. Anatom- 
ical connections among the hippocampus, dentate 
gyrus, and brain regions important for stress and 
fear and emotional memory (4) help to explain 
the involvement of adult-generated neurons in 
stress and depression (Fig. 1B,F). The hypothalamic- 
pituitary-adrenal (HPA) axis and stress hormones 
have long been known to influence adult neuro- 
genesis (2). Recently, it was shown that adult neu- 
rogenesis reciprocally regulates the HPA axis, 
buffering the stress response (/4). This ability of 
new neurons to put the brakes on the stress re- 
sponse appears important in times of moderate to 
extreme or unpredictable stress (/4—/6), but not 
as important under normal conditions or mild or 
predictable stress (9), and may be imposed by 
direct regulation of the hypothalamus. Although 
this connection is yet to be experimentally tested, 
it is known that inactivation of the amygdala, a 
limbic system involved in emotional memory, 
suppresses hippocampal neurogenesis (/7). Thus, 
stimulation of the amygdala under specific condi- 
tions [such as predictable mild stress (/8)] may 
directly up-regulate adult neurogenesis. 

Consideration of the involvement of stress 
and the connections in the neurogenic interactome 
may also help to explain the apparent impres- 
sion from the literature that certain behavioral 
tests are neurogenesis-dependent, whereas others 
are not, and why many effects of antidepressants 
are neurogenesis-independent (2, //). Different 
behavioral tests for depression and anxiety in- 
duce different levels of stress and/or fear and thus 
activate different subsystems of the neurogenic 
interactome (Fig. 1F). This secondarily can mod- 
ulate the behavioral output of these subsystems 
(Z) and also influence adult neurogenesis and 
neurogenesis-dependent behavior (Fig. 1F). Last- 
ly, although clearly unpredictable stress and stim- 
ulation of the stress axis decrease neurogenesis 
and can lead to depression (2), these connections 
explain why it is not inevitable that “stress de- 
creases neurogenesis” (9, 14-16, 78). Rather, coping 
with stressful events requires neurogenesis, and 
predictable stress may be beneficial for both 
neurogenesis and mood control (/6, /8). The 
learned ability to inhibit fear and to cope with 
stress serves as a behavioral antidepressant, which 
correlates with up-regulated neurogenesis (16, 19). 
These preclinical findings map well with studies in 
human as well as nonhuman primates (/2, 15, /6). 
Interestingly, there are similarities between endog- 
enous stress-coping strategies and the neuromech- 
anism of antidepressants (20, 2/). This suggests 
that antidepressants may exploit the same neural 
substrates as behavioral modifications. Mecha- 
nistically, the unique contribution of adult-generated 
neurons to hippocampal function during psycho- 
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social stress or “when the road gets rough” is in 
part due to the unique physiological characteristics 
and anatomical connections of these neurons (3). 


Mood and Memory 


Second, the neurogenic interactome under- 
scores that the control of hippocampal neuro- 
genesis over mood and memory may be more 
interrelated than previously appreciated. Adult- 
generated hippocampal neurons provide a type of 
neuronal plasticity, pattern separation, that allows 
acquisition and separation of closely spaced mem- 
ories (22, 23). This is in contrast with embryonic- 
generated hippocampal neurons that are necessary 
for pattern completion and recall of memories 
(23). There is a clear connection between adult 
neurogenesis, pattern separation, and learning and 
memory; for example, diminished neurogenesis 
decreases pattern separation and learning/memory, 
whereas enhanced neurogenesis improves them 
(2, 22, 23). However, it is unclear how adult neu- 
rogenesis controls pattern separation and concur- 
rently influences mood, and vice versa (Fig. 1F). 
Pattern separation may not only be important 
for learning and memory but also for recognizing 
dangerous and stressful signals, such as cue rec- 
ognition during conflict or stress, thus triggering 
or aggravating anhedonic or depressive behavior 
(24). Interestingly, mice with stress-induced so- 
cial avoidance have increased adult neurogenesis 
(/0), suggesting they may have a better ability to 
discern or remember harmful signals. Prevention 
of this increased neurogenesis diminishes social 
avoidance (10), which can be interpreted as 
inability to cope with a stressor. Pattern separation 
deserves evaluation not only for its involvement 
in spatial learning and memory but also in the 
development or persistence of mood disorders, 
because recognizing stressors or danger shares sim- 
ilar substrates with learning and memory (Fig. 1F). 
Because strong and unpredictable stress decreases 
adult neurogenesis, the cognitive functions de- 
pendent on pattern separation will be impaired, 
only worsening the ability to recognize and cope 
with further incoming stressful events and situa- 
tion, thus creating a vicious cycle. 


Neurogenic niche 


Third, although not depicted in this interactome 
schematic (Fig. 1F), the heterogenous components 
of the neurogenic niche play key roles in 
determining the ultimate influence of adult neuro- 
genesis on behavior and response to antidepres- 
sants. Adult-generated neurons are critical for 
dentate gyrus-related behavioral output and the 
neurobehavioral effects of antidepressants (2, 3). 
Despite their small number, they have a dispro- 
portionate influence on hippocampal circuitry 
and behavior (3), underscoring that “the den- 
tate gyrus is not a democracy”. However, other 
components of the niche—such as vasculature, 
astrocytes, and microglia (3}—regulate neuro- 
genesis and respond to antidepressants, even in 
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Fig. 1. Adult hippocampal neurogenesis in depression. (A) Neurogenic niches in 
the mouse brain (inset, red) generate neurons throughout life. (B) The hippocampus 
interacts with other major brain regions (e.g., hypothalamus, Hypo; amygdala, 
Amyg; dotted lines) to contribute to brain functions like memory and mood. The 
hippocampal dentate gyrus hosts one neurogenic niche, the subgranular zone (SGZ, 
red). OB, olfactory bulb (C) Photomicrograph of the SGZ in a transgenic mouse 
depicts the process of neurogenesis, beginning with an adult neural stem cell (aNSC, 
yellow frame) and ending with a dentate gyrus neuron (white frame) that fully 
integrates into the granule cell layer (GCL). Neurogenesis is a process, not a time 
point (2), a message emphasized in the road sign (inset) that condenses the journey 
from aNSC to GCL neuron. (D and E) The two branches of the neurogenic hypothesis 
of depression. (D) The first branch proposes ablation of adult neurogenesis does not 
greatly influence mood under normal, nonstressful conditions. (E) The second 
branch proposes antidepressants may confer their effects on improving mood via 
up-regulating adult neurogenesis. (F) The neurogenic interactome. Both direct 
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and indirect anatomical connections (solid and dashed white lines, respectively) 
influence adult neurogenesis in a dynamic manner (double-headed green line). 
Alterations in neurogenesis reciprocally influence the connecting regions (dashed 
white line). For example, intact neurogenesis inhibits the hypothalamus (dashed 
yellow line) and the “stress axis,” including the HPA axis, thus contributing to mood 
control. In contrast, during stress, the HPA axis and limbic system are activated (solid 
yellow lines). This influences both levels of neurogenesis and the reliance of key 
brain functions, like cognition and mood, on adult-generated hippocampal neurons. 
Thus, the stress experience (length, duration, type) influences the importance of 
adult-generated neurons in buffering the stress response. Moreover, involvement of 
adult-generated neurons in pattern separation and thus cognition can protect 
against depression by improving recognition and coping with stressors. The two 
major functions of adult-generated hippocampal neurons, mood/stress control and 
learning/cognition, help explain the involvement of adult neurogenesis in etiology 
of depression-like phenotype and guide design of novel antidepressants. 
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the human hippocampus (/2). Aside from niche 
components, stem and progenitor cells should 
also be considered for their contribution to neu- 
rogenic control and mood regulation. They do 
not make or receive traditional neuronal synapses 
or connections and have previously been consid- 
ered passive participants in the neurogenic niche. 
However, we now know that stem and progenitor 
cells provide structural, biochemical, and meta- 
bolic signals to the niche that can regulate neu- 
rogenesis (3). Thus, we have to investigate how 
each individual component of the niche is influ- 
enced by potential antidepressants and consider 
components of the niche themselves as specific 
targets for novel antidepressant therapeutics. 

The neurogenic hypothesis of mood disorders 
remains promising for conceptualizing depression 
mechanisms, which may lead to novel avenues 
for treatments. However, more work needs to be 
done. The typically parallel lines of research on 
memory and mood should be merged to evaluate, 
for example, whether enhanced pattern separa- 
tion enhances stress coping and levels of neuro- 
genesis in laboratory animals (/9, 23). Other 
preclinical experiments are needed to fine-tune 
the neurogenic interactome, assessing whether 
stimulation of the amygdala enhances neuro- 
genesis and whether other brain regions involved 
in depression, like the nucleus accumbens, are 
also influenced by levels of neurogenesis. Clin- 


ically, we need more information on the level and 
regulation of human neurogenesis, particularly in 
the brains of depressed humans (/2). Interesting- 
ly, neurogenesis decreases with age in humans 
and animals (/3, 25), whereas depression prev- 
alence increases with age. More research is wat- 
ranted to examine to what extent the age-induced 
increase in depression is due to life experience, 
age-induced increase in medical burden, or pos- 
sibly age-induced decrease in neurogenesis 
(4, 5, 12, 25). Also, in vivo imaging of correlates 
of human neurogenesis is feasible (25, 26), but 
greater technical advances are needed before we 
can conclude what aspects of neurogenesis struc- 
ture and function are shared between humans and 
laboratory animals. Although standard assessment 
of human neurogenesis in vivo is many years away, 
a destination on the road to remission for people 
with mood disorders may eventually be custom- 
ized diagnostic evaluation that takes into account 
their individual levels of adult neurogenesis. 
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PERSPECTIVE 


Are We Getting Closer to 
Valid Translational Models for 


Major Depression? 


Olivier Berton,?* Chang-Gyu Hahn,?” Michael E. Thase” 


Advances in characterizing the neuropathology and functional dysconnectivity of depression and 
promising trials with emerging circuit-targeted and fast-onset therapeutics are providing unprecedented 
opportunities to gain deeper insight into the neurobiology of this devastating and pervasive disorder. 
Because of practical and ethical limitations to dissecting these mechanisms in humans, continued 
progress will critically depend on our ability to emulate aspects of depressive symptomatology and 
treatment response in nonhuman organisms. Although various experimental models are currently 
available, they often draw skepticism from both clinicians and basic research scientists. We review 
recent progress and highlight some of the best leads to diversify and improve discovery end points for 


preclinical depression research. 


odels of psychiatric illness rely on ma- 
Mca of known etiological or risk 

factors to induce tractable behavioral 
or physiological symptoms in animals. To be 
considered valid for hypothesis testing and ther- 
apeutic development, modeled symptoms are ex- 
pected to show a reasonable homology with those 
of human disease and should respond to clin- 
ically effective treatments, with clinically relevant 
time courses. Modeling major depressive disor- 


der (MDD) along these lines poses a number of 
substantial challenges. 


Lost in Translation: Why Animal Models 
Struggle with Major Depression 

A first obstacle is our limited understanding of 
the multifactorial pathogenic processes that un- 
derlie affective, cognitive, and homeostatic ab- 
normalities in MDD. Given the subjective nature 
of most core symptoms and the lack of valid 


biomarkers, establishing links between clinical 
variables and animal end points cannot currently 
be done without a certain degree of interpretation 
or anthropomorphism. 

Further complication derives from the ex- 
treme heterogeneity of the illness and from the 
difficult delineation of its boundaries with health 
and other psychiatric conditions (/). A good ex- 
ample is the symptomatic facet of anhedonia (or 
loss of pleasure and interest) that is considered a 
cardinal feature of MDD but is truly present only 
in up to 50% of MDD patients and is very prom- 
inent in other conditions, such as schizophrenia 
(2). Our growing appreciation of individual pat- 
terns of functional disconnections and genetic 
variability associated with MDD suggests that 
the current diagnostic approach collapses a myr- 
iad of distinct pathophysiological states that are 
unlikely to be captured comprehensively by any 
single experimental model (3). 

Not surprisingly, given this clinical and eti- 
ological heterogeneity, the therapeutic effects of 
current antidepressants, which all share mono- 
aminergic neurotransmission as a single common 
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target, are often inconsistent (about 50% of pa- 
tients will not respond to a first-line treatment and 
placebo-expectancy effects are typically larger 
than specific drug effects) (7). This therapeutic 
inconsistency, too, has important implications 
for modeling, as it impedes the use of reference 
drugs in animals as a clear-cut criterion for vali- 
dation or invalidation. 

Despite these problems, we have many heu- 
ristic behavioral paradigms for the study of MDD, 
and several have proven undeniably useful for 
the rational development of monoaminergic anti- 
depressants. These models generally capitalize on 
the epidemiological evidence that stress and ad- 
verse psychosocial experiences (such as interper- 
sonal violence, neglect, or unwanted separation) 
often precede the onset, or predict the recurrence, 
of depressive episodes. Most of these paradigms 
were developed 30 years ago and have been ap- 
plied since with little modifications. Given the 
failure of virtually all clinical development pro- 
grams with candidate therapeutics based on non- 
monoaminergic mechanisms during the past 
decades, the capability of current models to de- 
tect antidepressants with truly novel mechanisms 
has been repeatedly questioned. Several comprehen- 
sive reviews have been published in recent years 
discussing the pros and cons of each model and 
proposing guidelines for their improvement, with 
a strong consensus on the need to better incor- 
porate etiological factors in the design of novel 
paradigms (4, 5). 

During the past 5 years, we have witnessed 
a number of key conceptual and technical ad- 
vances that hold the promise of transforming the 
landscape of preclinical MDD research. We high- 
light some of these recent developments and at- 
tempt a prospective analysis of how they may 
contribute to improve and diversify discovery 
end points for depression. We focus on two areas 
of need: (i) the need to translate our improved 
understanding of depression circuitry into behav- 
ioral models of MDD and (i1) the need to translate 
improved knowledge of risk genes and molecular 
neuropathology into models of MDD. 


Toward Models of Circuit-Centered 
Symptomatic Dimensions in MDD 


To address the problem of MDD’s clinical het- 
erogeneity, an approach that has emerged over 
the last decade is the recasting of MDD symp- 
tomatology into dimensional intermediate pheno- 
types defined using quantifiable and objective 
behavioral or neural end points (3). Examples of 
such end points relevant to the spectrum of MDD 
symptoms include measures of whole-brain con- 
nectivity under resting state or in response to he- 
donic or aversive stimuli, as well as standardized 
behavioral measures of hedonic capacity, emo- 
tional reactivity, and nonverbal social attunement. 
Although integration of these neurobehavioral 
variables seems to afford a discriminative power 
for pathology approaching that of psychometric 


constructs (2, 6—9), large-scale trials necessary 
to establish their potential as diagnostic tools are 
still lacking. Nevertheless, efforts to validate and 
diversify this type of translatable variable, prox- 
imal to circuit function, are critical to bridge the 
divide between MDD clinical phenomena and 
preclinical models. A complementary aspect of 
this effort, on the preclinical side, consists in dis- 
secting circuit modules that underpin aligned 
phenotypic domains in animals. Emergent tech- 
niques allowing temporally precise genetic control 
of circuit activity (/0) and real-time monitoring 
of interregional connectivity (//) in behaving an- 
imals as well as dynamic imaging of local circuits 
(12, 13) are facilitating this task. We highlight 
below a number of recent studies using these ap- 
proaches to explore behavioral domains related 
to negative affect, positive affect, socioaffective 
functioning, and cognitive function. 

Negative affect. The behavioral end point re- 
lated to “negative affect” that the majority of ro- 
dent studies examines using simple behavioral 
tasks (like the forced swimming test) or more 
elaborate paradigms (like the learned helpless- 
ness test) is a form of behavioral passivity and 
quiescence that develops in many species upon 
exposure to uncontrollable stress. Stress-induced 
escape deficits in these so-called “despair” tests 
can be delayed or normalized by antidepressants. 
Although this class of test is often labeled as be- 
ing selectively predictive of the clinical activity of 
monoaminergic antidepressants, recent studies with 
the V-methyl-p-aspartate antagonist ketamine (/4) 
or deep brain stimulation (DBS) of the infralimbic 
cortex (the rodent homolog of the cg25 area) (/5) 
have revealed robust antidepressant-like responses 
that cannot be explained through direct mono- 
aminergic mechanisms. On the basis of these data, 
it may seem necessary to update certain of our 
views about these paradigms and to improve our 
understanding of underlying circuitry. 

Using novel methods for high-resolution track- 
ing of motor responses in freely moving rats and 
simultaneous recording of medial prefrontal cor- 
tex (mPFC) neurons, Warden et al. (16) were 
able to identify a cluster of cells that predict ac- 
tive escape attempts in the forced swimming test. 
By optogenetically controlling the activity of these 
neurons, they demonstrated their causal role in 
the animal’s “decisions” to struggle or stay pas- 
sive in the test. Not all pyramidal neurons in the 
mPFC contributed to the initiation of goal-directed 
escape behaviors but only a specific distributed 
subset defined by their axonal connections with 
the raphe nuclei, the region in the brainstem that 
contains the bulk of serotonin neurons. These re- 
sults converge with those of several other groups 
to suggest that, as drug screens, the so-called 
“despair” tests may specifically probe mechanisms 
by which the prefrontal cortex exerts top-down 
control over ancestral circuits implicated in the 
generation of aversive states (such as panic and 
dysphoria) and comprising serotonergic neurons. 


These results reinforce the construct validity of 
this class of tests and may facilitate the develop- 
ment of reverse-translational tasks to interrogate 
parallel antidepressant-regulated circuits in humans. 

The lateral habenula (LHb) is another brain 
region heavily implicated in the descending con- 
trol of monoaminergic circuits. It has also recent- 
ly been implicated in the generation of aversion 
and antidepressant-sensitive escape deficits in the 
learned helplessness test (/7, 18). Here again, 
virally mediated track tracing and optogenetics 
were used to identify specific neuronal subpopu- 
lations in the LHb that affect behavior and to 
pinpoint their downstream projections to the ven- 
tral tegmentum as one critical output. The ciruitry 
of the habenula is highly conserved, and its role 
in the encoding of negative affective states like 
“disappointment” or “‘fear’’ extends from the zebra- 
fish to primates. DBS of the LHb is considered a 
possible therapeutic approach for MDD after a 
number of promising case reports. 

Positive affect. Reductions in “positive affect” 
and hedonic capacity are commonly observed in 
MDD and contribute to the complex construct of 
anhedonia (/9). Evidence for fast antianhedonic 
effects of DBS in the nucleus accumbens in 
treatment-resistant MDD patients implicates this 
highly conserved component of the mesolimbic 
reward pathways, frequently studied for its role in 
motivation and addictive processes. A number of 
recent studies using genetic approaches to trace, 
identify, and silence neurons have started pro- 
viding new insights into neurophysiological mech- 
anisms through which chronic stress in rodents 
represses preference for highly palatable foods, 
an anhedonia-like symptom reversed by chronic 
antidepressants. By implicating synaptic changes 
affecting specific neuronal subtypes in this het- 
erogeneous brain region, such as dopamine me- 
dium spiny neurons expressing the dopamine D1 
receptor (20) or cholinergic interneurons (2/), these 
studies have started tracing a wiring diagram that 
may prove instrumental in refining electrode- 
based strategies for treatment of anhedonia. 

Socioaffective function. Deficits of interper- 
sonal functioning are another important compo- 
nent of MDD symptomatology. These deficits 
have been linked to endophenotypes such as de- 
ficient nonverbal attunement, alterations in the pro- 
cessing of socioaffective information, and selective 
serotonin reuptake inhibitor (SSRI)-sensitive re- 
ductions in socially evoked patterns of corticolimbic 
activity (22). Studies in apes, monkeys, and other 
smaller primates (such as the tree shrews) have 
provided the best evidence for the occurrence of 
stress-induced “pathological” deviations of social 
behaviors in animals, paralleling aspects of human 
MDD symptoms. Two of the most salient aspects 
of socioaffective alterations in nonhuman pri- 
mates exposed to “ethological’” stressors (such as 
periods of isolation during early development or 
forced subordination in adulthood) include ex- 
pression ofa stereotypical prostrated and socially 
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unresponsive posture (Fig. 1) and the exacerba- 
tion of socially submissive behaviors. These symp- 
toms, reported both in captive and free-ranging 
primates (23), appear partly reversible by admin- 
istering chronic SSRIs and co-occur with cardio- 
vascular, neuroendocrine, and neural abnormalities 
common in clinical depression, such as decreased 
hippocampal volume (24) and decreased neuro- 
genesis (25). Although ethologically valid primate 
models of socioaffective deficits have a strong 
face-validity with MDD, our capability to inves- 
tigate their underlying circuitry is limited by tech- 
nical and ethical considerations. 

Rodent social stress models such as the so- 
cial defeat paradigm (26) or tests of social domi- 
nance such as the “tube test” of social competition 
(27) provide a number of valid alternatives to ex- 
amine neurobiological underpinnings of socio- 
affective behaviors. The relatively long-lived and 
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antidepressant-sensitive form of social avoidance 
that develops in a subset of mice subjected to 
repeated experience of aggression (in conjunction 
with an array of other motivational and metabolic 
changes) has provided a reliable end point to 
examine differential circuit adaptations associated 
with social aversion or resilience to social stress 
(26). Electrophysiological studies in this model 
point to alterations in several subcortical circuits 
(partly overlapping with those involved in anhe- 
donia (28, 29) and negative affect (30) high- 
lighted above) that discriminate between socially 
avoidant animals and their resilient counterparts. 
In vivo multiregion electrophysiological tech- 
niques have also revealed altered patterns of 
corticolimbic synchrony in defeated mice (3/), 
which suggests that stress-induced alterations in 
the connections between the mPFC and down- 
stream targets in the limbic system (such as the 
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amygdala) may be implicated in the development 
of socioaffective phenotypes relevant to MDD. 
This hypothesis is in line with the recent demon- 
stration that high-frequency photostimulation of 
pyramidal neurons in the mPFC of defeated mice 
or genetic manipulations affecting synaptic effi- 
cacy in the same circuits induce antidepressant- 
like responses in tests of social aversion (32) and 
social competition (33). 

Cognition. Cellular and molecular correlates 
of cognitive deficits in MDD (such as deficits 
in attention and executive function) are under- 
studied. There is a great need for novel nonhuman 
behavioral models to address these mechanisms, 
and it is good news that a number of such para- 
digms are starting to emerge, in primates (indis- 
pensable to approach mechanisms underlying 
higher cognition) as well as in rodents. A core 
concept of cognitive theories of depression is the 
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Fig. 1. Preclinical paradigms used in the study of MDD-related neurobe- 
havioral traits in nonhuman species. No etiologically valid depression-like 
syndrome that reproduces the complexity and heterogeneity of the human 
syndrome has been established in nonhuman animals. Current paradigms cap- 
italize primarily on exposure to acute or chronic stressors as a depressogenic 
trigger and examine species-specific behavioral repertoires in an attempt to 
capture distinct behavioral or psychological dimensions of the illness. Ex- 
amples of animals studied include the zebrafish, various laboratory rodents 
(including rats and mice), and nonhuman primates. Models are used to inform 
the etiology of MDD by replicating environmental risk factors, circuit ab- 
normalities, and genetic mutations affecting candidate biological pathways. 
Various models also replicate responses to pharmacotherapies or somatic 
therapeutic interventions, such as electroconvulsive therapy and DBS. The 
zebrafish is a model organism commonly used to dissect behaviorally relevant 
neuronal networks. It is amenable to large-scale phenotypic screens, generally 
based on automatic movement tracking (40, 41). This approach is illustrated 
here with a hear map depicting movement during a social interaction task in 
an adult zebrafish homozygous for the mutation gr*°’, which disrupts tran- 


scriptional regulation by glucocorticoid receptor and leads to abnormal socio- 
affective behaviors sensitive to antidepressants (42). A range of behavioral 
tasks is available in rodents to examine mechanisms underlying stress-induced 
motivational, affective, cognitive, and social deficits associated with MDD (5). 
Spectral plots derived from multicircuit field recordings depict changes in the 
oscillatory synchrony of the basal amygdala and nucleus accumbens during 
depression-related behaviors in the mouse (11). Nonhuman primates have 
provided the most immediate evidence for the occurrence of “pathological” 
deviations of socioaffective behaviors resembling depression in animals (23, 24) 
and are also providing key insights about higher cognitive dysfunctions asso- 
ciated with depression (35). A form of depression-like behavior, observed in 
both free-ranging and captive nonhuman primates, is a behavioral posture 
strikingly reminiscent of human prostrated sadness and social detachment, 
first described in macaques deprived of secure maternal attachment during 
infancy (60). A small number of studies have used primates to examine factors 
associated with pathophysiology [such a hippocampal volume (62) and treat- 
ment response such as regulation of hippocampal neurogenesis (25)] in the 
context of social stress. 
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notion of cognitive-affective bias, which derives 
from the observation that depressed patients over- 
emphasize negatively valenced information and 
have difficulty redirecting their attention, thoughts, 
or memory away from negative material (34). 
A recent study relying on a novel cost-benefit 
decision task in macaques recently identified a 
subregion of the anterior cingulate cortex that 
encodes negative motivational value and whose 
microstimulation shifts animal choices toward pes- 
simistic predictions of outcomes (35). The fact 
that this subregion is contiguous and intercon- 
nected with cg25 and is similarly regulated by 
various classes of antidepressants reinforces its 
possible role in MDD. As the use of analogous 
(albeit more rudimentary) behavioral tasks is be- 
ginning to be reported in rodents, it will be im- 
portant to determine if the ventromedial prefrontal 
cortex in these species plays a similar role in de- 
termining “pessimistic” decision biases (36, 37). 

Discovering new behavioral end points. As 
our understanding of circuit modules underlying 
MDD symptoms and therapeutic responses in- 
creases, and circuit-perturbation approaches (based 
on optogenetics (0), pharmacogenetics (38) and 
other methods) continue to mature and disseminate 
to reach a wider range of species including pri- 
mates, we may be able to start forward-engineering 
“tunable symptoms” in animals that can support 
antidepressant therapeutic screens. In combina- 
tion with “phenomics” tools—such as those allow- 
ing circadian monitoring of complex home-cage 
behaviors in groups of rodents (39) or high- 
throughput behavioral-based screening in zebrafish 
(40, 41)—these approaches may offer “unbiased” 
means to discover novel depression-related be- 
havioral end points and to establish a cross-species 
taxonomy based on the genetic conservation of 
underlying circuits rather than on simple behav- 
ioral resemblance. 


Toward Translational Models of 
Genetic Susceptibility and Cellular 
Dysfunction in Depression 


In the search for etiologically valid animal mod- 
els of MDD, much hope has been placed in re- 
cent years in our ability to harness the power of 
genomics to resolve the genetic architecture of 
MDD heritability (estimated to 40%) and to iden- 
tify causal mutations that can be reproduced in 
animals to emulate (in interaction with stress 
inducers discussed above) various aspect of be- 
havioral and neural MDD phenotypes. 

The majority of etiologically valid mutant mod- 
els have been so far developed in the context 
the “common variant” hypothesis, whereby the 
genetic risk for MDD is hypothesized to reflect 
the additive or multiplicative influence of several 
alleles with small effect. Several depression-like 
phenotypes have been reported in animals car- 
rying mutations replicating naturally occurring, 
nonsynonymous single-nucleotide polymorphisms 
that alter the function of mainstream MDD candi- 


date genes, such as BDNF (42), TPH2 (43), or 
5-HTT (44). Other mouse lines have targeted 
potential risk genes that emerged from unbiased 
genome-wide association studies (GWAS), such 
as the presynaptic protein Piccolo (45). 

Humanized animals that faithfully reproduce 
variants naturally occurring in patients have al- 
lowed the development of pioneering translation- 
al studies comparing human and animals along in 
analogous behavioral tasks [for review, see (46)]. 
Because they allow examination of the effect of 
human alleles in the context of a homogenous 
genetic background, in animals raised under con- 
trolled environments, humanized mutants such as 
the BDNF Val66Met knock-in mice represent a 
powerful approach to identify functional effects 
that may be difficult to replicate or even detect 
in clinical setting. Studies with these mice have 
provided convincing evidence that individual var- 
iations in affective traits that predispose to depres- 
sion (such as threat perception or fear extinction) 
are influenced by variations in the trafficking and 
release of BDNF resulting from the substitution 
in a single codon (47). However, the epidemio- 
logical evidence that this variant significantly in- 
creases the MDD’s risk remains contentious for 
reasons that, as discussed above, may reflect the 
heterogeneous stratification produced by MDD 
diagnosis as much as the complexity of depres- 
sion genetics. 

As genotyping methods progress and the 
sizes of the cohorts included in GWAS for MDD 
continue to grow and facilitate the replication 
of small effect sizes, more stringently validated 
MDD risk genes [such as the recently identified 
SLC6A15 gene that encodes a neuron-specific 
neutral amino acid transporter (48)] may become 
more frequent, ultimately opening the way to ex- 
perimental studies examining how the penetrance 
of depression-related phenotypes is moderated 
through epistatic interactions in synergy with po- 
tent environmental constraints applied at specific 
developmental periods. Although tackling this ques- 
tion experimentally will require surpassing a num- 
ber of technical barriers (such as the ability to 
simultaneously engineer a multiplicity of targeted 
point mutations in the same animal), we can 
look ahead optimistically given the rapid pace 
at which emergent genome editing methods (such 
as TALENs or zinc finger nucleases) are evolv- 
ing. Because these approaches not only hold the 
promise of facilitating the generation of mutant 
animals but also widen the range of model species 
in which these mutations can be studied, they may 
be announcing the end of the upsurge of the mouse 
as a model species for preclinical MDD studies. 

The lack of a highly penetrant mutation as- 
sociated with MDD is often presented as one of 
the primary causes for the lack of valid MDD 
animal models. This may change given the grow- 
ing evidence of a higher burden of copy number 
variants in depressed patients (49) (.e., rare per- 
mutations in large portions of gene or chromo- 


somes) and the early characterization of one 
such rare mutation with strong penetrance [a 
duplication recently reported in the SL/T3 gene 
that encodes a protein involved in axon guid- 
ance (50)]. 

Another important line of data in this context 
involves the well-replicated, albeit not systemat- 
ic, depression-related phenotypic features (i.e., 
in anhedonia and “despair” tests) reported in the 
several different lines of mutant mice now avail- 
able for the DIJSC/ gene (5/). Translocation of 
DISC1 in the Scottish kindred leads to a var- 
iegated phenotype (34% of carriers are diagnosed 
with MDD versus 24% with schizophrenia or 
bipolar disorder) and the link between DISC1 
and MDD has been reinforced by several recent 
lines of evidence for an association of DISC1 
with symptom severity and age of onset in MDD 
(52). The question of how various or even iden- 
tical mutations of DIJSC/ could increase risk to 
develop MDD versus other psychiatric disorders 
converges with the current debate that surrounds 
the evolution of psychiatric nosology. As we look 
ahead, the increasing availability of induced 
pluripotent stem cells derived from patients carry- 
ing DISC] mutations (53) may help tease apart 
relevant cellular mechanisms and facilitate reverse 
translation. Emergence of other ex vivo systems— 
such as olfactory neuroepithelial cell lines that can 
be biopsied both in patients and animals for lon- 
gitudinal studies of various aspects of neural func- 
tion and signaling—also offer unique translational 
opportunities to dissect the respective impact of 
genetics, epigenetics, and environmental factors 
on intracellular signaling mechanisms relevant to 
stress vulnerability and risk for MDD (54). 

In part thanks to the development of tissue- 
bank initiatives, postmortem transcriptomics and 
proteomics have helped link regional evidence of 
neuropathology in MDD with abnormalities in a 
number of candidate signaling pathways that are 
now extensively studied in animals. These results 
continue to involve neurotrophic signaling cas- 
cades (55) and neurogenic processes, two inter- 
related mechanisms mediating the therapeutic 
activity of monoaminergic antidepressants. Reg- 
ulation of monoaminergic and amino acid neu- 
rotransmission, neurohormonal signaling, and 
inflammatory cascades continue to be other active 
areas of investigation for MDD cellular patho- 
genesis (56). Progress of conditional and inter- 
sectional genetic strategies and virally mediated 
manipulations have allowed dissection of these 
pathways in animals with greater degrees of pre- 
cision, both in term of cell type and temporal spec- 
ificity. Advances in these strategies have helped 
pinpoint critical periods for the developmental 
programming of emotional functions relevant 
to MDD (57) and have allowed identification 
specific cell-types by which important modula- 
tors of stress vulnerability such as CRHR1 (/2), 
P11 (58), and HDAC6 (30) exert their effects on 
behavior. 
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Despite these important new leads, there is 
unfortunately still no consensus about a bona fide 
genetic mouse model of depression, with a well- 
replicated, multifaceted phenotype and strong phar- 
macological validity, at par, for instance, with those 
used for the study neurodegenerative disorders. 
This could reflect the unique complexities of MDD 
etiology and phenomenology, but may also de- 
rive, to a certain extent, from our lack of concerted 
efforts to homogenize behavioral paradigms and 
methodologies across laboratories. This is a like- 
ly cause for the frequent lack of replication of 
Gene < Environment effects and an issue that 
will become increasingly important as studies of 
epigenetic mechanisms in models of depression 
become more common (59). Another critical lack 
of consensus is related to the time course of anti- 
depressant responses in animal models: Although 
a delayed response requiring weeks of treatment 
might simulate the clinical effects of current anti- 
depressants, this question needs reconsideration 
given the emergence of the potential fast and long- 
lasting antidepressant effects of ketamine and de- 
rivatives (4). There is a need to determine how 
the doses of drugs administered to animals relate 
to their clinical effects for future discoveries, be- 
cause brain or blood levels of drugs necessary for 
the engagement of target effects are rarely re- 
ported in animal studies. Although a large number 
of patients remain resistant to current treatments, 
there is little consensus on how to develop animal 
models for these subpopulations. 


Conclusion 


Neuroscience may not hold all the keys to a pub- 
lic health issue as complex as depression. How- 
ever, the tremendous advances made over the 
past few decades continue to hold the promise 
that a better understanding may ultimately ease 
suffering and erase stigma. Animal models are 
pivotal in this effort to translate basic progress 
into better care. The brief overview proposed here 
suggests that, although it seems unlikely that any 
one model will ever recapitulate this heteroge- 
neous illness in its entirety, many current para- 
digms are yielding key neurobiological insights 
relevant to behavioral dimensions and affective 
constructs in humans. A challenge remains to un- 
derstand how these dimensions integrate in the 
context of pathology. A second challenge will be 
to effectively align variables measured in animals 
with those assessed in genetic studies or during 
the various phases of development of novel anti- 
depressants. Translational medicine is a two-way 
bridge. Preclinical research needs to inform clin- 
ical trials and diagnosis, but the reverse is also 
true. Without a consensus about what depression 
is and how to more reliably and specifically mea- 
sure it, rapid progress seems unlikely. Thus, it is 
critical to keep in mind the conceptual, method- 
ological, and organizational factors that cause the 
field of depression therapeutics to remain at least 
one step behind in the pursuit of valid animal models. 
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PERSPECTIVE 


The Science of Resilience: 
Implications for the Prevention 
and Treatment of Depression 


Steven M. Southwick? and Dennis S. Charney7* 


Human responses to stress and trauma vary widely. Some people develop trauma-related 
psychological disorders, such as posttraumatic stress disorder (PTSD) and depression; others 
develop mild to moderate psychological symptoms that resolve rapidly; still others report no new 
psychological symptoms in response to traumatic stress. Individual variability in how animals and 
humans respond to stress and trauma depends on numerous genetic, developmental, cognitive, 
psychological, and neurobiological risk and protective factors. 


esilience to stress is a complex multidi- 
mensional construct. Although there is 
no one universally accepted definition of 
resilience, it is generally understood as the abil- 
ity to bounce back from hardship and trauma. 
The American Psychological Association defines 


resilience as “the process of adapting well in the 
face of adversity, trauma, tragedy, threats or even 
significant sources of threat” (/). 

Genetic factors play an important role in an 
individual’s response to stress and trauma (2). 
Twin studies have estimated an overall heritability 
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of posttraumatic stress disorder (PTSD) ranging 
from 32 to 38%, and DNA studies have found 
that regulation of the stress response is affected by 
genetically mediated differences in reactivity of the 
sympathetic nervous system (SNS) (e.g., polymor- 
phism of the alpha-2C adrenergic receptor gene), 
the hypothalamic-pituitary-adrenal axis (HPA axis) 
[e.g., functional variants of brain mineralocorti- 
coid, glucocorticoid and corticotropin-releasing 
hormone (CRH) receptor genes], neuropeptide 
Y (NPY), and the serotonin system, among others. 

The best-studied gene-environment interac- 
tion involves a naturally occurring variation in the 
promoter of the human serotonin transporter gene 
(5-HTTLPR) (3, 4). The short allele of 5-HTTLPR 
and a single base substitution in the long form 
of 5-HTTLPR are associated with decreased se- 
rotonin transporter availability and a resulting 
lower reuptake of serotonin from synaptic clefts. 
It appears that these lower-expressing alleles 
may be specifically associated with an increased 
risk of depression following exposure to child- 
hood maltreatment (5). It has been proposed that 
the mechanism underlying the gene-environment 
interaction between the serotonin transporter gene 
and stress may involve alteration in the critical 
amygdala—ventromedial prefrontal cortex (PFC) 
and dorsal raphe circuitry that is similar to that 
observed in depressed patients (6). 

Developmental risk and protective factors 
have an enormous impact on brain development 
and on shaping neural circuits that regulate fu- 
ture responses to stress and adversity. Repeated 
episodes of uncontrollable or overwhelming stress 
during infancy and childhood, such as child abuse, 
can lead to “learned helplessness” and can cause 
exaggerated emotional, behavioral, SNS, and HPA- 
axis responsiveness to future stressors, even into 
adulthood (2, 7, 8). 

On the other hand, mild-to-moderate stress- 
ors that are controlled and mastered can have a 
“steeling” or stress-inoculating effect, where the 
child develops an adaptive stress response and be- 
comes more resilient than normal to the nega- 
tive effects of future stressors. In animal studies, 
early experiences with successful behavioral con- 
trol over stressful events induce neuroplasticity 
in the PFC, which appears to protect the animal 
from some of the negative effects of future un- 
controllable stress. An enriched environment and 
consistency of supportive maternal care provide 
an atmosphere that fosters exposure to novelty 
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and the mastering of challenges. Negative and 
positive neurobiological and behavioral conse- 
quences of parental care can even be transmitted 
across generations, possibly through epigenetic 
mechanisms (9). 

In addition to genetic and developmental fac- 
tors, numerous neurobiological factors and sys- 
tems mediate and/or moderate resilience to stress, 
including an HPA axis that is well modulated by 
dehydroepiandrosterone, NPY, and other regula- 
tors of CRH activity; a SNS that responds effec- 
tively to stress and provocation, but that returns to 
baseline rapidly secondary to regulation by NPY 
and galanin; a mesocorticolimbic dopaminergic- 
mediated reward system that is durable and 
that maintains positive emotions and/or opti- 
mism in the face of acute and chronic stress; 
functional hippocampi that adequately inhibit 
the HPA-axis response to stress and that have 
the ability to differentiate dangerous versus safe 
environments; robust PFC executive function- 
ing and capacity to inhibit and regulate limbic, 
emotional, and behavioral reactivity to stress; 
and well-modulated amygdala activity that does 
not over- or underreact to external or internal 
stimuli (2). 

Psychosocial factors that have been asso- 
ciated with resilience include positive emotion 
and optimism, loving caretakers and sturdy role 
models, a history of mastering challenges, cogni- 
tive flexibility including the ability to cognitive- 
ly reframe adversity in a more positive light, the 
ability to regulate emotions, high coping self- 
efficacy, strong social support, disciplined focus 
on skill development, altruism, commitment 
to a valued cause or purpose, capacity to extract 
meaning from adverse situations, support from 
religion and spirituality, attention to health and 
good cardiovascular fitness, and the capacity to 
rapidly recover from stress (/0). 

Utilization of these resilience-promoting fac- 
tors can be beneficial throughout the life span. 
Most research has shown that older adults tend 
to be more stress-resilient than younger adults. 
Potential contributing factors include prior ex- 
perience with trauma and stress inoculation, more 
mature and effective coping styles, greater ac- 
ceptance of and tolerance for negative affect, 
and better regulation of emotions. In older adults, 
resilience has been associated with social con- 
nectedness, curiosity, spiritual grounding, and 
wisdom (//). 


Resilience-Informed Strategies and 
Interventions for Prevention and 
Treatment of Depression 


How can what we currently know about resil- 
ience be applied to the prevention and treatment 
of depression? There are several areas that have 
been studied. 

Genetics and environment. Research in ge- 
netics and epigentics suggests that putative vul- 
nerability genes or “risk alleles” operate in a 


dynamic interplay with the environment and that 
resilience may be promoted, in some cases, by 
changing the biological and/or psychosocial en- 
vironment (/2). For example, in a study of mal- 
treated children, positive social support appeared 
to protect against depression, even in children 
having the short allele of the serotonin trans- 
porter gene (/3). 

Child rearing. To protect against learned help- 
lessness and depression, as well as to promote 
resilience, it is critical to provide children with 
a supportive and loving environment that fosters 
healthy attachment, protects them from repeated 
experiences of uncontrollable stress, and pro- 
vides them with ample opportunities to master 
life challenges. Such mastery can contribute to 
stress inoculation with reduced overall reactiv- 
ity to future stressors and enhanced mastery of 
future challenges. Classes in effective parenting 
might help to provide a resilience- promoting 
child-rearing environment and to reduce trans- 
generational transmission of stress vulnerability. 

Social support. Low levels of social support 
have been associated with depression, PTSD, 
and medical morbidity, whereas high levels of 
social support have been positively associated 
with active problem-focused coping, sense of 
control and predictability in life, self-esteem, 
motivation, optimism, enhanced immune func- 
tion, dampened neuroendocrine and cardiovas- 
cular responses to stress, resilience, and lower 
levels of depression. Interventions that teach chil- 
dren and adults the skills needed to improve so- 
cial competence and to construct and maintain 
supportive social networks are likely to enhance 
resilience and to decrease rates of stress-related 
depression. Social-emotional training programs 
for children, which focus on enhancing executive 
function and prosocial behavior, have shown 
promise in strengthening social skills, social net- 
works, and academic performance (7). 

Cognitive and/or psychological interventions. 
When individuals believe that the demands of 
a stressful situation exceed their personal ca- 
pabilities and external resources, they tend to 
appraise the situation as a threat and as out of 
their control, which negatively affects their emo- 
tional and behavioral response and increases 
the likelihood of developing depression. On the 
other hand, if the individual believes that they 
have the skills, experience, and resources needed 
to successfully deal with an adverse situation, 
they are more likely to appraise the situation as 
a challenge. 

A number of therapeutic approaches have 
been designed to modify appraisals of threat and 
adversity (14, 15). These include training in at- 
tention control, cognitive reappraisal, and enhanc- 
ing self-efficacy. Interventions in attention control, 
such as cognitive control training and mindful- 
ness training, teach individuals how to control 
where they direct their attention and have shown 
promise as treatments for depression. Learning 
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to selectively attend to positive as well as relevant 
negative information, while filtering out irrele- 
vant negative information (i.e., consistent with 
realistic optimism, a pattern that has been asso- 
ciated with resilience), would be particularly help- 
ful for the pessimistic or depressed individual 
who tends to preferentially focus on, remember, 
ruminate about, and have difficulty disengaging 
from negative information. Deficient top-down 
cognitive control and/or PFC inhibition of subcor- 
tical brain regions—such as the amygdala, dor- 
sal raphe nucleus, and habenula—might perpetuate 
depression through reduced capacity to regulate 
stress-related emotions and by contributing to neg- 
ative biases (8, 16). 

Cognitive reappraisal, or the ability to cogni- 
tively reframe adverse and negative events in a 
more positive light, is strongly associated with re- 
silience and can moderate the relation between 
severity of life stress and depression (/4). It 
may accomplish this, in part, by attenuating neg- 
ative emotional and biological stress responses 
(7, 8, 16). Interventions that employ training in 
cognitive reappraisal and that have shown some 
promise in reducing depression include well- 
being therapy (/7), hardiness training (/8), and 
Viktor Frankl’s logotherapy. Searching for and 
extracting meaning, purpose, and strength from 
adversity is an important component of these 
therapies. Many studies have shown that having 
a highly valued and meaningful purpose or mis- 
sion can enhance resilience to stress. 

Training in cognitive reappraisal is also a cen- 
tral component of many cognitive-behavioral 
therapies, which are well-established and effec- 


tive treatments for depression and PTSD. These 
therapies typically teach individuals to observe 
their cognitive and behavioral reactions to stress, 
to challenge distorted negative appraisals of self 
and the situation, and to replace distortions with 
more realistic, accurate, and positive appraisals. 

Coping self-efficacy refers to perceived ca- 
pacity to successfully manage and recover from 
the demands of a stressful situation. High cop- 
ing self-efficacy is highly predictive of resilience 
and adjustment after traumatic stressors such as 
military combat, motor vehicle accidents, death 
of a spouse, and natural disasters (/0, 15). There 
are many ways to increase coping self-efficacy. 
One of the most important involves mastery ex- 
periences, where the individual learns the skills 
needed to successfully manage a stressor and 
then practices those skills, preferably with feed- 
back, in increasingly challenging situations until 
he or she has mastered the challenge. Having 
confidence in one’s capacity to deal with stress 
may increase a sense of control, shift a perceived 
threat into a perceived challenge, foster active 
problem-oriented coping, increase motivation and 
perseverance, modify emotional and neurobiolog- 
ical responses to stressors, and buffer against 
stress-related psychological disorders such as de- 
pression. Training programs designed to enhance 
mastery and coping self-efficacy in stressful sit- 
uations are typical of military, police, and fire- 
fighter training, as well as outdoor education 
programs, like Outward Bound. 

Neurobiologic interventions. A better under- 
standing of the neurobiology of resilience will 
hopefilly lead to prevention and/or improved treat- 


Environmental stressors and genetic predisposition 


Depression 
risk factors 


Weak executive function: weak 
coping self-efficiency; negative 
attention bias; cognitive 
inflexibility 


Cognitive/behavioral 


Weak regulation (e.g., anhedonia; 


Emotion regulation 
slow stress recovery) 


Weak social skills; minimal 


Social social network; no resilient role 
models 
Sleep deprivation; poor 
Physical health cardiovascular fitness; poor 


nutrition; obesity 


Dysregulated HPA axis and SNS 
in response to stress; attenuated 
prefontal cortical executive 
function and stress-induced 
limbic system hyperactivity 


Neurobiology 


Therapeutic 
intervention 


Cognitive behavioral therapy 
with cognitive reappraisal; 
positive emotion excercises, 
coping skill development, and 
training; well-being therapy 


a 


cognitive flexibility 


Mindfulness; training; 
antidepressant medications 
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Social emotional training; 
network support treatment 


> 


Teach sleep hygiene; excercise 
regimen; improve diet 


Strong sleep habits; 


Neural circuit training; novel 
medications (corticotropin- 
releasing factor, NPY, GABA, 
glutamate) 


Resilience 
protective factors 


Strong executive function; 
high coping self-efficacy; 
positive emotions; realistic optimism; 


Strong regulation (e.g., delay 
gratification; rapid stress recovery) 


Strong social skills; diverse 
social network; resilient role models 


physically fit; good nutrition 


Effective regulation of HPA axis 
and SNS in response to stress; 
robust prefrontal cortical executive 
function and capacity to regulate 
limbic reactivity to stress 
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ment for stress-related disorders such as depres- 
sion and PTSD (2). For example, enhancing NPY 
function, particularly for individuals who do not 
naturally release sufficient amounts, might boost 
physiological resilience by helping to maintain 
the SNS and HPA axis at an optimal level of 
activation—high enough to respond to danger but 
not so high as to stimulate excessive fear, anxie- 
ty, and depression. Similarly, developing ther- 
apeutic agents to contain stress-induced overdrive 
of CRH, which controls and integrates the body’s 
response to stress, would likely reduce rates of 
trauma-related psychopathology. 

Other mediators of stress resilience that could 
serve as therapeutic targets for reducing the like- 
lihood of developing stress-related depression 
include the serotonin, dopamine, noradrenergic, 
y-aminobutyric acid, and glutamate systems. For 
example, antidepressants protect against stress- 
induced learned helplessness in animals and stim- 
ulate the regrowth of hippocampal neurons that 
have been damaged by stress, and antiadrenergic 
agents, like propranolol, may have a role in pre- 
venting overconsolidation of traumatic memories. 
It may also be possible to develop pharmaco- 
logical and/or psychotherapeutic interventions 
to help regulate neural pathways believed to be 
critical to resilience, including pathways involved 
in emotion regulation, attention, positive versus 
negative outlook, reward and motivation, sensi- 
tivity to context, response to fear, learning and 
memory, adaptive social behaviors, and speed of 
recovery from stress. 

Real-time functional magnetic resonance im- 
aging neurofeedback, mental training exercises, 
mindfulness meditation, and cogni- 
tive reappraisal training are exciting 
new directions of research that tar- 
get top-down regulation of specific 
neural circuits. For example, mind- 
fulness meditation and cognitive re- 
appraisal are believed to exert their 
adaptive effects on emotion regu- 
lation by enhancing PFC regulation 
of limbic and brainstem systems. It 
is possible that therapies designed 
to stimulate and strengthen PFC reg- 
ulation of emotion will boost con- 
fidence in one’s ability to gain control 
of stressful situations (7, 8). To in- 
crease resilience and decrease rates 
of stress-related depression, it will 
also be important to develop and test 
interventions that target bottom-up 
regulation of emotion (8). 

Improving physical health. Qual- 
ity of diet, amount of exercise, ca- 
pacity to relax, and quantity and 
quality of sleep are important in 
determining how the body and brain 
respond to stress (19). For example, 
aerobic exercise has been associated 
with resilience largely through its 
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effect on reducing anxiety and depression and 
improving cognition and brain function. Regular 
aerobic exercise is believed to induce the ex- 
pression of genes associated with neuroplasticity 
and neurogenesis, as well as to regulate the HPA- 
axis response to stress. In some studies, exercise 
was as effective as antidepressants in treating 
mild-to-moderate depression and may possibly 
protect against future episodes of depression 
(0, 19) 

More comprehensive resilience training pro- 
grams. Although far more research is needed to 
determine their efficacy, examples of resilience 
training programs that employ several of the 
above cognitive behavioral and emotion regu- 
lation strategies include hardiness training (/8), 
The Penn Resiliency Program (20), and the mil- 
itary’s Battlemind or Comprehensive Soldier Fit- 
ness program (2/). 

Implications. What we currently know about 
resilience has implications for the prevention 
and treatment of depression. Risk and protec- 
tive factors generally have additive and inter- 
active effects so that having multiple genetic, 
developmental, neurobiological, and/or psycho- 
social risk factors will increase allostatic load or 
stress vulnerability, whereas having and enhanc- 
ing multiple protective factors will increase the 
likelihood of stress resilience (79). Because neu- 
roplasticity is exhibited throughout the life span, 
many of the stress-protective factors described 


in this Perspective can be enhanced through 
practice and training, which make it possible to 
improve adaptation to stress, increase speed of 
recovery from stress, and decrease the chances 
of developing stress-related depression through- 
out the life span. However, interventions that are 
initiated early in development are likely to have 
the greatest impact on future stress resilience, 
as there appear to be time-limited windows of 
enhanced neuroplasticity. Nevertheless, recent 
research suggests that it may be possible to open 
or reopen windows of neuroplasticity, perhaps 
with drugs, which might then enhance the ef- 
ficacy of behavioral interventions (9). The study 
of resilience and its neurobiological underpinnings 
is a relatively young area of scientific investiga- 
tion. Similarly, many approaches to enhancing 
resilience are still in experimental stages. Ad- 
vances in our understanding of resilience and of 
its association with depression will come from 
continued multidisciplinary research on com- 
plex interactions between genetic, developmen- 
tal, neurobiological, and psychosocial risk and 
protective factors. It is anticipated that this knowl- 
edge can then be used to inform the develop- 
ment of evidence-based interventions to mitigate 
risk for depression and to enhance resilience 
to stress. 
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The Shortest-Known-Period Star 
Orbiting Our Galaxy's Supermassive 


Black Hole 


L. Meyer,” A. M. Ghez,?* R. Schédel,? S. Yelda,? A. Boehle,? J. R. Lu,? T. Do,*> M. R. Morris,* 


E. E. Becklin,? K. Matthews°® 


Stars with short orbital periods at the center of our Galaxy offer a powerful probe of a 
supermassive black hole. Over the past 17 years, the W. M. Keck Observatory has been used 
to image the galactic center at the highest angular resolution possible today. By adding to this 
data set and advancing methodologies, we have detected S0-102, a star orbiting our Galaxy's 
supermassive black hole with a period of just 11.5 years. SO-102 doubles the number of known 
stars with full phase coverage and periods of less than 20 years. It thereby provides the 
opportunity, with future measurements, to resolve degeneracies in the parameters describing 
the central gravitational potential and to test Einstein's theory of general relativity in an 


unexplored regime. 


he recent advent of high-resolution im- 
aging capabilities on large ground-based 
telescopes has afforded us a view of the 
center of our Galaxy that is substantially altering 
our understanding of this region and by analogy 
the centers of other galaxies. The earliest high- 
resolution images in the near-infrared (NIR) re- 
vealed the presence of a black hole [Sagittarius 
A* (Sgr A*)] with a mass 4 x 10° times that of 
the Sun by detecting stars at the very heart of the 
Galaxy, the so-called S-stars, with velocities of 
up to ~10,000 km/s (/, 2). The detection of ac- 
celerations in the motion of these stars (3, 4) fur- 
ther strengthened the case for a nonstellar dark 
mass at the center of the Galaxy. After it passed 
periapse (the closest point to the black hole in the 
orbit of a star), a Keplerian orbit could be deter- 
mined for the star SO-2 (with an orbital period of 
16 years), proving the black hole hypothesis 
beyond reasonable doubt (5, 6). This star can 
now be traced in its motion around the black 
hole with such precision and complete phase 
coverage that its three-dimensional (3D) orbit 
gives the most accurate description to date of 
the central mass and the distance from our solar 
system to the center of the Galaxy (7-9). No 
other star has so far been reported with more 
than ~40% of its orbit covered by data. 
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Here we report the detection of another star, 
S0-102, in orbit around the supermassive black 
hole at the center of our Galaxy (/0). It has an 
orbital period of 11.5 years, which makes it the 
shortest-period star known yet. 

The data sets that we used for this study come 
from high-resolution imaging observations of 
the galactic center that were obtained at the 
W. M. Keck Observatory between 1995 and 2012 
with speckle imaging and adaptive optics (AO). 
Speckle imaging with the NIR imaging camera 
NIRC (//, /2) on Keck I provided the earliest high- 
angular-resolution imaging data sets (1995 to 
2005), which are reported with their observation- 
al setup in several earlier papers (2, 3, 7, 13, 14). 
In summary, several thousand data frames cap- 
ture images of the galactic center on time scales 
of ~0.1 s, which is short enough compared to 
the coherence time of atmospheric turbulence 
to freeze the distorting effects of Earth’s atmo- 
sphere and preserve the source’s information at 
all spatial frequencies transmitted by the tele- 
scope. Table S1 summarizes key observational 
information for the 26 epochs of speckle im- 
aging data that are available. 

AO observations of the galactic center were 
carried out between 2004 and 2012, with sub- 
stantially more data per epoch being obtained in 
2006 and onward. Previous publications contain 
the observational details for the first nine epochs 
of AO observations (7, 14-16). We collected 12 
further epochs of AO observations between May 
2008 and May 2012, using an observational 
setup identical to those for all AO observations 
obtained in 2006 and onward. For all but two 
epochs, the high-order AO compensation was 
based on observations of a bright [R band ~ 10 
magnitudes (mag)], on-axis, laser guide star, 
generated with the Keck II sodium laser; and the 
low-order (tip-tilt) AO corrections were deter- 


mined from measurements of the natural guide 
star USNO 0600-28577051 (R= 13.7 mag and 
Arsera* = 19”) (Arsora*, distance to Ser A*). 
Table S2 provides the details of the 20 AO 
epochs that are used here. 

The data analysis for this study falls into sev- 
eral distinct stages (/7). First, for each epoch of 
observations, we constructed an average image 
of all the high-quality data collected as well as 
three subset images, each composed of one-third 
of the data (see Fig. 1 for a zoom into the region 
of an AO image where SO0-102, SO-2, and the 
electromagnetic manifestation of the black hole, 
Sgr A*, reside). Second, both previously known 
and newly detected stars were identified in the 
images, along with their photometric and as- 
trometric characteristics, with the point spread 
function (PSF) fitting program StarFinder (/8). 
Third, the positions of the stars in each epoch 
were transformed into a common coordinate 
system. Fourth, orbital model fits to the posi- 
tions of stars with significant orbital phase cov- 
erage provided estimates of each star’s orbital 
parameters. 

The gravitational potential in this region of 
the Galaxy is dominated by the black hole, and to 
a good approximation the stars follow Keplerian 
orbits. Although deviations from a pure Keplerian 
orbit will probably be detected in the future, this 
cannot be expected with the current data set, and 
we therefore assumed a point-mass potential and 
Newtonian gravity. Within this framework, we 


Fig. 1. A Keck/NIRC2 AO image from May 2010 
showing the short-period star SO-102, which is, 
besides SO-2, the only star with full orbital phase 
coverage, and the electromagnetic counterpart of 
the black hole, Sgr A*. The image was taken at a 
wavelength of 2.12 um and shows the challenge of 
detecting SO-102, which is 16 times fainter than 
S0-2 and lies in this crowded region. 
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used a y°-minimization routine to find the best-fit 
orbital parameters (7). The six orbital elements 
describing the star’s trajectory are the period, 
eccentricity, time of closest approach (periapse 
passage), inclination, angle to periapse, and angle 
of the ascending node. The seven parameters 
describing the gravitational potential are mass, 
3D position (distance from Earth and focal point 
of the orbital ellipse) and 3D velocity of the 
point mass. 

We have covered a complete orbit of SO-102 
with astrometric observations. Therefore, the 
data contain enough information that they can 
in principle be used to fit for both the star’s 
orbital elements and also for the parameters of 
the potential (19). However, this requires the 
same low level of systematic effects in the data 
as for SO-2, which dominates our current knowl- 
edge about the potential and is a factor of 16 
brighter than SO-102. Considering that fainter 
sources are much more prone to source confu- 


Fig. 2. The orbits of SO-2 
(black) and SO-102 (red). 
RA, right ascension; DEC, 
declination. The data points 0.15 
and the best fits are shown. 
Both stars orbit clockwise. 
The dashed lines represent 
the parts of the orbits that 
have been observed with 
Speckle data; the solid 
lines indicate AO obser- 
vations. The data points 
for SO-2 range from the 
year 1995 to 2012, and 
S0-102’s detections range 
from 2000 to 2012. The 
connecting lines to the best 
fit visualize the residuals. 
Although the best-fit or- 
bits are not closing, the 
statistically allowed sets 
of orbital trajectories are 
consistent with a closed 
orbit. SO-102 has an or- 
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sion than brighter ones, it is unlikely that SO-102 
has the same low level of systematic errors (7, 8). 

Away of minimizing the effects of possible 
confusion is to not fit for the potential, but rather 
fix it to the values that have been derived from 
the orbit of SO-2 (table S4). This left only SO-102’s 
orbital elements free, which were then found 
by fitting the data (Fig. 2). Overall, the data are 
well fit by this model, which has a reduced 7 
of 2.0. The most discrepant points are the two 
epochs in 2009, both of which lie 2.36 away 
from the best fit. This is the region around closest 
approach to the black hole, where Sgr A* and 
S0-104 (20), which are blended in this epoch, 
are very close [~55 milli—are sec (mas)] to SO- 
102. This constellation most likely leads to an 
astrometric bias, which supports our conserv- 
ative approach of fixing the parameters of the 
potential. 

We determined uncertainties on SO-102’s or- 
bital parameters via Monte Carlo simulations as- 


Orbits of SO-2 & SO-102 


\ 
1 
1 
4 
1 
a 
& 


Ne | 
\ 
4 


-0.05 -—0.10 -0.15 
ARA (arcsec) 


—0.20 


bital period of 11.5 years, which is 30% shorter than that of SO-2, the shortest-period star pre- 


viously known. 


Table 1. Orbital elements for SO-102. The best fit has a x7 of 39.96 with 20 degrees of freedom. 


Parameter 


Value 


$0-102's orbital parameters 


Period 

Time of closest approach (calendar year) 
Eccentricity 

Inclination*t 

Angle to periapse 

Position angle of the ascending nodet 


11.5 + 0.3 years 
2009.5 + 0.3 

0.68 + 0.02 

151° + 3° 

185° + 9° 

175° + 5° 


Parameters of the gravitational potentialt 


Mass 
Distance 


4.1 + 0.4 x 10° Moun 
7.7 + 0.4 kpc 


*90° is edge-on, and 0° is face-on. 


tThe allowed ranges for inclination and angle of the ascending node are (0°,180°). 


4The parameters that describe the gravitational potential have been taken from SO-2's orbit. We list mass and distance here; 
see table $4 for the 2D position and 3D velocity of the central mass. 


REPORTS 


suming Gaussian error statistics. Using the best 
fit and the error bars on the measured data points, 
we generated 10° artificial data sets and fitted an 
orbit to each realization. The probability distribu- 
tion functions for the orbital elements are the dis- 
tribution of best-fit values from the Monte Carlo 
simulations (Table 1). This approach assumes that 
the positional errors are statistical in nature and 
does not account for possible systematic contri- 
butions such as unrecognized source confusion. 

Our high—angular-resolution imaging cam- 
paign of the galactic center started in 1995, con- 
stituting a time baseline of 17 years, 7 of which 
were carried out with deep AO observations. Al- 
though this is long enough to detect accelerations 
(i.e., curvature) of several stars within the cen- 
tral arc second, it allows a reliable orbit deter- 
mination only for the shortest-period stars. We 
consider an orbit reliable if it is likely that an 
increase in data and a decrease in noise do not 
lead to major changes in the orbital elements. As 
a rule of thumb, 50% of the orbit needs to be 
covered by observations in order to determine 
the orbit reliably (2/). Our data set traces SO-102 
through a complete orbit, making it the only 
star other than S0-2 for which such a fraction 
of the orbit has been sampled. The key property 
that enabled this orbital coverage is SO-102’s 
period. 

With an orbital period of 11.5 years, SO-102 
has the shortest period among all known stars 
orbiting the black hole in our Galaxy’s center 
(Fig. 3). It is 5 years (~30%) shorter than S0-2’s 
orbital period, which was the previously known 
shortest-period star. The period (or, alternative- 
ly, the semi-major axis, which is related to the 
period via Kepler’s law) is the most important 
orbital parameter, because it not only makes it 
possible to sample a substantial fraction of the 
orbit by observations, but also simplifies the 
detection of relativistic effects, most of which 
are cumulative and build up with increasing 
phase coverage until they breach the detection 
threshold. 

A test of Einstein’s theory of general relativity 
is the next goal in galactic center research, now 
that the existence of a black hole is well estab- 
lished. This theory has so far passed all tests on 
solar system scales with flying colors. However, 
the gravitational potential € of the Sun is very weak, 
with typical experiments probing regimes of up 
to € ~ GMi(Rc”) ~ 10 ®. Here, Gis the gravitational 
constant, M the mass scale, R the distance scale, 
and c the speed of light (22). The gravitational 
fields that have been probed in tests using dou- 
ble neutron stars such as the Hulse-Taylor binary 
pulsar are of the same magnitude, because the 
masses and separation of the neutron stars are 
comparable to the mass and radius of the Sun 
(23). In the galactic center, stars such as SO-102 
and S0-2 probe gravity regimes that are two or- 
ders of magnitude stronger, € ~ 10“. 

The effects of curved spacetime manifest 
themselves in two ways: The orbit of a star 
deviates from its Keplerian approximation, and 
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Fig. 3. The orbital pe- 
riods and magnitudes of 
all known stars orbiting 
the galactic black hole 
[(7, 8) and this paper]. 
The size of the points is 
scaled with the orbital 
phase that is covered by 
observations. The higher 
the fraction of the orbit 
that is sampled by obser- 
vations, the more reliable 
the orbital solution is. The 
three vertical lines indi- 
cate, from left to right, 
the limiting magnitude 
for Speckle shift-and-add 
(SAA), Speckle holography 
(SpH), and AO data sets. 
We define the limiting 
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magnitude as the median of the limiting magnitudes of individual epochs, which are listed in tables $2 


and $3. The black circle represents the star SO-102. 


the path and wavelength of the light emitted by it 
get changed. It has been shown that for SO-2, the 
relativistic redshift should become measurable at 
S0-2’s next periapse passage in 2018 (24, 25). 
Although this is a measurement of SO-2’s red- 
shift, SO-102 will render this measurement more 
precise. The reason for this is that, with AO ob- 
servations of S0-102’s apoapse passage in the 
next years, there will be enough information in 
the data set to lower the level of systematic effects 
to an insignificant level, and thereby allow S0-102 
to be used to constrain the central gravitational 
potential. This additional information will then 
translate into a more precise determination of 
S0-2’s orbital elements and therefore redshift 
measurement. 

The relativistic redshift will also become 
observable in S0-102 itself. For SO-102, the dif- 
ference between the purely Newtonian and fully 
relativistic Doppler shifts amounts to ~90 km/s. 
This is within the capabilities of upgraded or 
next-generation NIR spectrographs for sources 
of this magnitude. Because the Keplerian orbital 
parameters must be known precisely to infer the 
relativistic contribution to the redshift, only stars 
with well-sampled astrometric orbits can be used 
to detect deviations from a Newtonian orbit. Ad- 
ditionally, the relativistic redshift is strongest at 
periapse passage, and S0-2 and S0-102 are the 
only known stars that will pass periapse within 
the next 10 years and will have an orbital phase 
coverage greater than 50% then. Because S0-102 
will pass closest approach 3 years after SO-2, 
an observation of its relativistic redshift will 
provide a crucial check on systematic effects in 
S0-2’s result and test the independence of the 
gravitational redshift from the interior structure 
of the star, which is a key assumption of general 
relativity. 

Other than the gravitational redshift, the leading- 
order general relativistic effect is the precession 


of the periapse within the orbital plane (26-31). 
This is a cumulative effect that adds up from 
orbit to orbit and is therefore much more likely 
to be detected in stars that complete several or- 
bits during the time scale of an observational 
campaign. Angelil et al. (30) show that the ef- 
fect of periapse precession scales as period ', 
quantifying the significance of a short period 
for the test of general relativity in an unprec- 
edented regime. 

The periapse precession, which leads to 
rosetta-shaped orbits, consists of two compo- 
nents: a general relativistic part that leads to a 
prograde precession, and a Newtonian part that 
leads to a retrograde precession. The Newtonian 
deviation of a Keplerian orbit is caused by the 
inevitable presence of extended dark mass around 
the black hole, which means that the gravita- 
tional potential is not pointlike (27, 31, 32). 
This extended mass distribution is thought to 
mainly consist of stellar remnants—stellar-mass 
black holes and neutron stars—supplied by the 
dense nuclear star cluster (33, 34). In order to 
measure the general relativistic part only, the 
detection of the periapse shift in more than one 
star is required to break the degeneracy. This 
makes a star such as SO-102 a necessary in- 
gredient for a measurement of the warping of 
spacetime around a supermassive black hole. 

Given the astrometric precision with which 
a star can be located on the detector (~0.1 mas 
and ~1 mas for SO-2 and S0-102, respectively) 
and with which a stable absolute reference frame 
can be constructed (currently ~0.1 mas/year), the 
precession of both S0-2’s and S0-102’s apoapse, 
which amounts to ~1 mas and ~0.3 mas, respec- 
tively, is probably only detectable with the next 
generation of telescopes such as the Thirty Meter 
Telescope. In this upcoming era, SO-102 will play 
as dominating a role as S0-2 plays in today’s 
Keck era. 
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have the opportunity to conduct observations from this 
mountain. The data described in the paper are presented in 
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Imaging the Homogeneous Nucleation 
During the Melting of Superheated 


Colloidal Crystals 


Ziren Wang,’ Feng Wang,‘ Yi Peng,’ Zhongyu Zheng,” Yilong Han?* 


The nucleation process is crucial to many phase transitions, but its kinetics are difficult to predict 
and measure. We superheated and melted the interior of thermal-sensitive colloidal crystals 

and investigated by means of video microscopy the homogeneous melting at single-particle 
resolution. The observed nucleation precursor was local particle-exchange loops surrounded by 
particles with large displacement amplitudes rather than any defects. The critical size, incubation 
time, and shape and size evolutions of the nucleus were measured. They deviate from the 
classical nucleation theory under strong superheating, mainly because of the coalescence of nuclei. 
The superheat limit agrees with the measured Born and Lindemann instabilities. 


rystal melting is of considerable funda- 
( mental and practical importance to science 

and technology. Yet, our understanding 
of it is still rather incomplete. Thermodynamics 
reveals to us the equilibrium phases, but the 
kinetics of phase transitions have proved diffi- 
cult to predict (/—3). Crystals melt heteroge- 
neously from surfaces or grain boundaries once 
they are heated to the melting point (3, 4). By 
suppressing surface melting (5—8), a single crys- 
tal can be superheated to temperatures above its 
melting point. This metastable state will even- 
tually melt from the interior without any 
preferential sites. In such homogeneous melting, 
small liquid nuclei form spontaneously by thermal 
fluctuations. A spherical nucleus has the free 


energy (9) 


2 a 2 

AG = 4nr-y — 37 nAut Esrain (1) 
where r is the radius, y is the surface tension, 7 is 
the number density of the nucleus, Au (+0) is the 
chemical potential difference between the super- 
heated crystal and liquid, E'ain = tn nAé is the 
misfit strain energy in the crystal caused by the 
volume change of the nucleus, and Ae is the mean 
strain energy per particle from continuum elastic- 
ity and is not expected to depend on 7. Evtain 1S 
zero when the parent phase is fluid but is finite 
when the parent phase is solid (/0). To minimize 
AG, small liquid nuclei tend to recrystallize rather 
than grow unless their size exceeds a critical value 
r* = 2y/[(Au — A )n] corresponding to the barrier 
height of AG. 
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The small length and time scales of the nu- 
cleation process preclude observation at the single- 
particle level in molecular systems. In contrast, 
micrometer-sized colloidal particles can serve as 
good model systems for phase transition studies 
because their thermal motions can be directly 
visualized and measured with video microscopy 
(11, 12). Crystallization (73), sublimation (/4), 
and heterogeneous melting in polycrystals (4, /5) 
have been studied in colloids. 

We used thermal-sensitive V-isopropylacrylamide 
(NIPA) microgel colloidal spheres (4), whose ef- 
fective diameter o linearly changes from 0.76 um 
at 26.4°C to 0.67 um at 30.6°C (10). The ef- 
fective diameter is defined so that the melting 
volume fraction ©,, = 54.5%, which is the same 
as that of the hard spheres. By this definition, the 
measured freezing point ¢¢= 49%, which is close 
to that of the hard spheres (o/* = 49.4%) (16). At 
49% <  < 54.5%, crystal and liquid coexist. The 
volume fraction in colloids plays a similar role to 
the temperature in molecular systems (/6). 
Particles were loaded into an 18 by 3 by 0.1 mm? 
glass channel and annealed to a single-face— 
centered cubic crystal or a polycrystal with only a 
few domains. The crystalline structure and the 
good refractive-index matching between particles 
and water enable us to see through all the 150 
layers by means of bright-field microscopy (4). 
By changing the temperature, we can easily change 
the volume fraction to melt or recrystalize the 
sample repeatedly. However, because melting al- 
ways starts heterogeneously from surfaces for a 
single crystal and from grain boundaries for a 
polycrystal (5), to create homogeneous melting 
the interior of a perfect crystalline domain was 
heated with a beam of light passing through an 
objective lens (Fig. 1A and movie S1) (/0). The 
4500-um°* heated area in the focal plane had a 
temperature Tany + 57, where the ambient tem- 


perature Znp Was controlled by the temperature 
controller on the microscope with a resolution of 
0.1°C (a volume fraction of 0.4%), and 57= 2.0°C 
was the local optical heating effect, which was 
reached 2 s after the light was turned on (/5). The 
crystal was superheated when AT = Tanp + ST — 
Tn = T- Tn > 0—that is, Ad = damb a) Om = 
—(0m — 0) < 0. Because the light was focused by 
the objective, the heating was the strongest in the 
focal plane and decayed to 0.957 at about +30 
layers in the z direction (/0) and was uniform in 
the center of the xy plane (Fig. 1B, temperature 
profile). Nucleation started randomly in the 
1(38 um)? by (£10 um) region of interest, hence the 
melting was homogeneous. To capture the initial 
stage of the nucleation, we rapidly scanned +10 
layers along the z direction within 2 s every ~20 s 
and only recorded those nucleations that started 
near the focal plane. Nucleus volumes were mea- 
sured from three-dimensional (3D) scans (movie 
S2) (10), while dynamics were measured by 
monitoring the largest 2D cross section of nu- 
cleus. The observation time scale ranged from 
1 to 4000 s, which enabled us to explore both the 
strong superheating where melting was cata- 
strophic and the weak superheating where nucle- 
ation was rare. The particle motions were recorded 
with a charge-coupled device (CCD) camera at 15 
frames per second. Particle positions were tracked 
from the image analysis (/7) in the crystal phase 
but not in the liquid phase, owing to their blurry 
images. Experimental details are given in (/0). 
In the theory of defect-mediated melting, de- 
fects are generated from a perfect crystal as tem- 
perature increases. They diffuse, coalesce, and 
form nuclei above the melting point. There is 
controversy, however, over which type of defect 
is the homogeneous melting precursor. In con- 
trast to the conventionally suggested dislocations 
(18, 19), interstitials, and vacancies (20), recent 
simulations with different pair potentials showed 
that the precursors are collective loop motions 
when catastrophic melting at the superheating 
limit is avoided by using a slow heating rate 
(21, 22). In our colloidal samples, the heating rate 
was infinitely slow (the temperature was kept 
constant) so that the kinetics can be accurately 
measured. We also observed that the precursors 
were local particle exchanges instead of any 
obvious defects. As shown in Fig. 1, C and D, 
and movie S3 (/0), particles marked by a white 
spot left their lattice sites, but the crystalline 
structure remained intact, which indicates that the 
particles swapped positions with their neighbors 
and formed closed loops in three dimensions. This 
is not surprising because it is the easiest way to 
move particles around in a perfect lattice. More- 
over, we observed that local particle exchanges 
were surrounded by large-Lindemann-parameter 
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Fig. 1. (A)Theschematt A 
ic of local optical heating. 
(B) The measured tem- 
perature profile in the fo- 
cal plane under the light 
intensity used in most of 
the measurements, in- 
cluding Figs. 1, 2, and 
3B. The contour spacing 
is 0.2°C. The temperature 
difference in the n(38 
um)? by 20 um region 
of interest is less than 
0.2°C. (C to I) A typical 
nucleation process at = 
52.0% (i.e., AT = 0.6°C) 
whose size evolution is 
shown by curve 2 in Fig. 
2A. The heating light was 
turned on at t= 0s. The 
colors represent different 
values of the Lindemann 
parameter. Liquid par- 
ticles labeled in red are 
defined by the orienta- 
tional order parameter y= 
nme Vnn < 0.6, 
where 6; is the orienta- 
tion of the bond be- 
tween the particle and 
its neighbor j, and nn is 
the number of nearest 
neighbors the particle has 
(15). (©) Two particles la- 
beled in white spots left 
their lattice sites and 
swapped positions with 
their neighbors, but the 


Objective 
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Immersion Qilz== 


Glass Slide 
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lattice structure remained intact (movie $2) (10). (D) Three regions of particles 
in the midst of swapping positions surrounded by particles with large Lindemann 
parameter. (E) The regions with large Lindemann parameter particles coalesced 


(large-L) particles. The colors in Fig. 1, C to L 
represent the values of the Lindemann parameter 
L, which reflects the motion amplitude of the 
particle relative to its equilibrium position (/5). 
The large-Z regions lasted for up to 1 min before 
they relaxed back to normal crystals or trans- 
formed into a liquid nucleus (Fig. 1E). Conse- 
quently, nucleation can be considered a two-step 
process: crystal — crystal with domains of large-L 
particles — nucleation. This is in accordance with 
Ostwald’s step rule (23), that intermediate meta- 
stable or unstable states commonly exist in real 
nucleation processes to lower the free-energy 
barrier between the child and parent phases. 
On the basis of the nucleation behaviors, we 
divide the superheating range into three regimes: 
weak superheating (AT < 0.5°C, ie., @ 2 52.5%, 
no coalescence between nuclei), intermediate 
superheating (0.5°C < AT < 0.8°C), and strong 
superheating (AT = 0.8°C—that is, @ < 51.0%, 
all nuclei irreversibly grow bigger). Figure 2A 
shows some typical nucleus-size evolutions 
under the weak, intermediate, and strong super- 
heating regimes. A newly formed nucleus can be 


Heating Light 
l 
| 


Cover Slip — Nglass = 1.525 


Focal Plane- - - - - - 
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large if it is formed in a large large-L region (Fig. 
2A, jumps in curves 1 and 4). Such nuclei are 
smaller than the critical size under weak super- 
heating. Under strong superheating, however, the 
critical nucleus is small (Fig. 2B), so that all the 
nuclei irreversibly grow bigger, and there are no 
obvious subcritical nuclei. Under the interme- 
diate superheating regime, both types of nuclea- 
tion paths (with and without the subcritical stage) 
were observed. 

Under weak superheating, the nucleation ki- 
netics basically followed the classical nucleation 
theory: Subcritical nuclei formed and disappeared 
during the incubation period (which typically 
spanned 30 min to more than 1 hour) until one of 
them reached the critical size. The nucleus size 
usually changed slowly so that we had enough 
time to scan in the z direction and measure the 
nucleus volume V and the effective radius r = 
(3V/4n)'> shown in Fig. 2B. The critical nucleus 
size r* was measured by adjusting 7, so that a 
nucleus became as stable as possible with an 
equal probability of growing or shrinking (/0). 
From Eg. 1, r°*(Ao) ~ (Ao — do) | where do is the 


and formed a liquid nucleus. The nucleus reached the critical size in (F) and grew 
into a noncircular postcritical nucleus in (G), then became smaller and circular in 
(H) and rapidly expanded in (I). 


forbidden gap caused by the strain energy (0, 24). 
In this gap, the superheated crystal cannot transform 
into the lower-energy liquid phase because a kinetic 
path is not available (24). r*(Ao) in Fig. 2B can be 
accurately fitted for dp < 0.002. This upper bound 
of the gap is smaller than our temperature res- 
olution and comparable with our estimated do ~ 
0.0046 for hard spheres (/0). The small do is neg- 
ligible, hence the critical nucleus 7* ~ 2y/(nAu), the 
chemical potential difference Ap ~ L,,A0/(O. — 07), 
where L,,, is the latent heat per particle usually taken 
as a constant (24) and the free energy barrier AG* ~ 
16 ny/[3(nAu)] under weak superheating (/0). 
These relations yield 7* ~ 2 (,, — 0) y/(nL;,,AQ). 
Our measured 7* cc 1/Aq in Fig. 2B, hence the 
surface tension y is approximately a constant 
(0). If we take hard sphere’s L,,, = 1.168 kgT 
(25), where kg is the Boltzmann constant, then y = 
0.84 kgT/o” and Au = 23.8 kgTAd, which are 
comparable with those of hard sphere (26, 27). 
Comparing our fitted r* = 0.1560(0,,/Ad) near 6,, 
from Fig. 2B and r* = 0.156 o(@,/Ao) for the 
crystallization of hard spheres near , (26), we 
found that melting and freezing have the same 
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Fig. 2. (A) The evolution of the effective radius of nucleus at @ = 0.528 (AT= 
0.4°C, curve 1), 0.520 (AT = 0.6°C, curves 2, 3, and 4), and 0.500 (AT = 1.1°C, 
curve 5) (movie $4) (20). (B) The critical nucleus radius r*(Ao) (squares) is 
fitted by (Ag) (solid line) and extrapolated to the superheat limit. (C) The 
shape factor € as a function of the particle number in the cross section of the 


A 


Fig. 3. (A) Melting started catastrophically from everywhere at 6 = 41%. (B) The Lindemann 
parameter is extrapolated to the superheat limit 6, = 42%. 


prefactor in the colloidal system, although this re- 
sult was only predicted in molecular systems (24). 

Further complicating the nucleation kinetics, 
multiple large-Z regions or liquid nuclei can 
coalesce especially under strong superheating 
(movies S3 and S6) (/0). After coalescence, the 
nuclei became more nonspherical but eventually 
relaxed into spheres after a few minutes (fig. S4) 
(10). We characterized the shape of the nucleus 
by measuring the 2D shape factor € = 4.4/P, where 
A is the area and / is the perimeter of the nucleus. 
§ = 1 for a circle and <1 for a noncircle. When a 
nucleus evolves without the influence of nearby 
nuclei or large-Z regions, it is more noncircular at 
small sizes because the shape is more vulnerable 


to thermal fluctuations (Fig. 2C, the @ = 0.528 
curve). Under strong superheating, nuclei often co- 
alesce and become more noncircular in shape (Fig. 
2C, the © = 0.520 and 0.496 curves). Noncircular 
nuclei tend to become smaller circular nuclei even 
when they are larger than the measured mean cri- 
tical size (Figs. 1, G and H, and 2A, the os- 
cillations near the critical size in curves 2 and 3). 
Hence, noncircular nuclei appear to have larger 
critical sizes than circular ones (28), which is in line 
with the observation of the nucleus shrinking after 
coalescence in crystallization (29) because coales- 
cence often makes a nucleus more noncircular. 
We measured the incubation time t as the 
time taken for the first post-critical nucleus to 


6, 


nucleus for three nucleation processes at @ = 0.528 (blue squares), 0.520 
(green circles), and 0.496 (red triangles). The two minima of the @ = 0.520 
curve and the one minimum of the @ = 0.496 curve correspond to nuclei 
coalescence. (D) The incubation time t (squares symbols) is fitted by (Ao)~? 
(solid line). The vertical dashed lines in (B) and (D) denote the superheat limit. 


form (/5). In our 90,000-particle region of interest, 
t has large fluctuations (such as Fig. 2A, curves 2, 3 
and 4). Hence, we averaged each t in Fig. 2D over 
~15 nucleation processes. The measured t in Fig. 
2D agree with the t(Ad) ~ Ab from the classical 
nucleation theory under weak superheating (9) but 
become smaller under stronger superheating. We 
attribute this departure to the more frequent coa- 
lescence of nuclei under stronger superheating, 
which can speed up the incubation process 
(movie S5) (10). 

The superheat limit of most molecular crystals 
is ~1.27,,—-crystals become unstable and cata- 
strophically melt without incubation at ~20% 
above their melting point (6, 7, 30-32). However, 
the superheat limit of colloidal crystals is not 
known. Our colloidal crystals are metastable and 
melt via a nucleation mechanism, with a free en- 
ergy barrier at 6 = 43%, but become unstable and 
melt uniformly like a spinodal in 2 s at p = 41% 
(Fig. 3A and movie S6) (/0), hence the superheat 
limit is at @, = 42 + 1%. This is 23% lower than 
Om = 54.5%, analogous to the supercool limit of 
hard spheres at the glass transition point o//% = 
58%, which is 17% above ofS = 49.4%. In 
theory, the superheat limit may depend on a 
series of instability points of the crystalline state. 
These instability points are the kinetic instability 
(31), the Born criterion (32, 33), and the iso- 
choric (meaning the liquid and the superheated 
solid have equal volume) (33), isentropic (equal 
entropy) (34), and the isenthalpic (equal enthalpy) 
(34) points. We found the superheat limit 42% is 
consistent with the measured Lindemann and Bom 
instabilities (2, 3/) but lower than the isochoric 
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o= of = 49.4%, which is the isentropic and the 
isenthalpic @ = 51% (26) of hard spheres. At 6, = 
42%, the extrapolated Lindemann parameter 
L, = 0.187 (Fig. 3B), which is close to L = 0.176 
at the crystal-liquid interfaces and L, = 0.2 for 
most molecular crystals (35). Moreover, the extra- 
polated r, = 0.59 a at ¢, = 42%, where a is the 
lattice constant (Fig. 2B). These results further 
confirm that , = 42% where the crystal is about 
to break down from the single-particle scale. 

This experimental system enables us to in- 
vestigate complex dynamics during the 3D ho- 
mogeneous melting, including the nucleation 
precursor and nucleus evolution. It also provides 
a platform to study single-defect effects on melting 
and homogeneous nucleation in solid-solid tran- 
sitions, which are difficult to be measured in mo- 
lecular crystals. 
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A Local Proton Source Enhances 
CO, Electroreduction to CO by a 
Molecular Fe Catalyst 


Cyrille Costentin,* Samuel Drouet, Marc Robert, Jean-Michel Savéant* 


Electrochemical conversion of carbon dioxide (CO) to carbon monoxide (CO) is a potentially 
useful step in the desirable transformation of the greenhouse gas to fuels and commodity 
chemicals. We have found that modification of iron tetraphenylporphyrin through the 
introduction of phenolic groups in all ortho and ortho’ positions of the phenyl groups 
considerably speeds up catalysis of this reaction by the electrogenerated iron(0) complex. 

The catalyst, which uses one of the most earth-abundant metals, manifests a CO faradaic yield 
above 90% through 50 million turnovers over 4 hours of electrolysis at low overpotential 
(0.465 volt), with no observed degradation. The basis for the enhanced activity appears 

to be the high local concentration of protons associated with the phenolic hydroxyl substituents. 


bon dioxide (CO) to fuels and commod- 

ity chemicals is one of the most important 
contemporary energy and environmental chal- 
lenges. A highly negative potential is required 
to inject an electron into CO, (/, 2). Reaction 
pathways that would go through the intermediacy 
of the resulting anion radical are therefore quite 
unreasonable in terms of energy and activation. 
Focusing on the conversion to carbon monoxide 
(CO), a number of catalysts—mostly coordina- 


T= catalytic reductive transformation of car- 
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tion complexes of low oxidation state transition 
metals—have been described (3-5). Among them, 
iron(0) porphyrins, electrochemically generated 
from the iron(II) porphyrin by two successive 
electron uptakes at a mercury or a glassy carbon 
electrode, are efficient, CO-selective, and durable 
catalysts provided they are coupled, in the frame- 
work ofan electron-push-pull process, with Lewis 
acids (6) or weak Bronsted acids (7, 8). On the 
basis of this observed favorable role of proton 
donors, we reasoned that acid groups attached to 
the catalyst molecule should have a strong ac- 
celerating effect in view of the large local con- 
centration of acid thus present, which would be 
impossible to introduce in such amounts in solu- 
tion in the context of bimolecular reaction. 

We have indeed found that modification of 
tetraphenylporphyrin (TPP) through the introduc- 


tion of phenolic groups in all ortho and ortho’ 
positions of the TPP phenyl groups, as shown in 
Fig. 1, leads to a considerable increase of cat- 
alytic activity. This is shown in Fig. 2, in which 
we plot the log of the turnover frequency (turn- 
over number per unit of time), TOF, against the 
overpotential, n (difference between the standard 
potential of the CO2/CO couple and the operating 
electrode potential). The variation of the TOF with 
the overpotential obtained from cyclic voltam- 
metry of FETDHPP in N,N'-dimethylformamide 
(DMF) + 2M H,O in the presence of a saturating 
concentration of CO, (0.23 M) is shown as a 
thick gray segment. 

For such molecular catalytic reactions, in 
which the catalyst is a well-defined molecule, 
with a well-defined standard potential, turnover 
frequency and overpotential were traditionally 
viewed as independent parameters, not allowing 
a precise comparison of catalyst performances. 
The obvious assertion that a good catalyst is 
characterized by a high TOF and a small n (and 
vice versa) is indeed not very helpful in this 
purpose. It has recently been shown (9) that turn- 
over frequency and overpotential are in fact 
linked, for a given catalyst, by a relationship that 
may be formulated as in Eq. 1 (10) (f= F/RT, 
where F is Faraday’s constant and R the gas 
constant): 


1 1, exp[ f(E — F2,)] | 


TOF keat Keat 
VDexp [f (E - Feat) | (1) 
ks V Keat 


Keat 18 the rate constant of the catalytic reaction, 
Eo, the standard potential of the catalyst, ks its 
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FeTPP FeTDHPP FeTDMPP standard rate constant, and D its diffusion coef- 
ficient. An alternative and equivalent formulation 
in Eq. 2 introduces the overpotential, n, defined 
earlier, and the turnover frequency at zero over- 
potential, TOF (Eq. 3): 


1 _ exph (Eh - EX) oC) | 


TOF TOF) TOF) 
vBexo(-4) eC 
ks TOF) 
Iron tetraphenyl Iron 5,10,15,20- Iron 5,10,15,20- 
eens tetrakis(2' 6'- tetrakis(2',6'- 1 = EQ ~ E,TOF) = keuexp[-f (EX — E2,)] 
dihydroxylphenyl)- dimethoxyphenyl)- (3) 
porphyrin porphyrin 


(E% is the standard potential of the global reaction 
being catalyzed.) 

This formulation characterizes the catalyst with 
three parameters: £°,,, the standard potential of 
the catalyst redox couple, TOFo, a measure of 
intrinsic catalytic activity from a chemical stand- 
point, and kg / VD, a measure of the conversion 
efficiency of the oxidized precatalyst to the re- 
duced active catalyst, relative to mass transport. 
A graphical representation of Eq. 2 is given in 
Fig. 2 (dashed line), taking as an illustrative ex- 
ample the FeTDHPP catalyst. There are three suc- 
cessive overpotential domains. At large n, when 
the electrode potential is set well above the cat- 
alyst standard potential, the TOF is governed 
solely by the catalytic rate constant, regardless of 
the overpotential. In the opposing situation (E >> 
E°..), logTOF is a linearly increasing function 
of the overpotential with slope f =f/ 1In10 
(1/59.3 mV at 25°C). In the transition between 
these two regimes, the system is controlled part- 
ly by the electron transfer and transport term, 
Fig. 2. Correlation between turnover frequency and overpotential for the series of COz-to-CO electro- s/VD, giving rise to a linearly increasing func- 
reduction catalysts listed in Table 1. Thick gray segments indicate TOF values derived from “foot-of-the- tion of the overpotential, with slope half the 
wave analysis” of the cyclic voltammetric catalytic responses of Fe’°TDHPP and Fe’°TDMPP in the value in the preceding domain. With fast elec- 
presence of 2 MH;0. Dashed lines indicate Tafel plots for Fe°TDHPP (top) and Fe’°TDMPP (bottom). Also ‘tron transfer catalysts, this intermediary zone 
shown are 7OF and 1 values from preparative-scale experiments: The star indicates Fe°TDHPP (this work), tends to vanish. 
and circled numbers indicate the published references for other catalysts specified in Table 1. One consequence of the existence of such a 
relationship is that one may select the electrolysis 
electrode potential with no necessity that it should 
be close to or more negative than the catalyst 


aii sae 2- standard potential. As exemplified later on, it may 
KKpornFeh Ire pork) indeed be more advantageous to operate at low 


Fig. 1. Investigated iron porphyrins. 
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[(por)Fe(O)}* +CO,+2AH Se [(Por)Fe(II}CO]+1,0+ 28 eee cade 
ki>>k The log7OF versus 1 correlation diagram in 
[(por)Fe(II)CO] + [(por)Fe(0)]* —_» 2 [(por)Fe()] + CO Fig. 2 provides the basis for a rational compar- 
ison of the performances of the various molecular 
zs catalysts reported so far for the electroreduction 
CO, + 2AH + 2e —> CO+ H,O +2A° of CO, to CO. Construction of the diagram re- 
, . quires an estimation of the standard potential of 
if PKo, +H,0) << pK ay: the CO2/CO couple, £2, [co in order to assign a 
value to the overpotential in each case. Ee /cO is 
2A’ + 2(CO, + H,O) —» 2AH+ 2CO3H known as a function of the pH when water is the 
solvent (//). Adaptation to DMF and acetonitrile, 
3 CO, +H,0 +2 ler > CO+2CO3;H taking into account the stronger acid present, leads 
to the values given in the first column of Table 1, 
Fig. 3. Simplified reaction scheme for CO2 reduction by iron(0) porphyrins. resulting from estimation that takes into account 
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the electron-, acid-, and CO>-stoichiometry. With- 
out going into the full mechanistic details, the 
catalytic reduction of CO2 to CO encompasses 
the stoichiometric reactions depicted in Fig. 3. 
There are two cases: If the acid introduced the 
solution is stronger than (CO, + HO), Er. /co 
depends on the pK, (where K, is the acid dis- 
sociation constant) of the acid present. In the 
opposite case, (CO, + HO) is the strongest 
acid in the medium. It thus neutralizes the con- 
jugate base of the acid present, giving rise to 
a stoichiometry in which three molecules of 
CO, are involved in the two-electron reaction 
(Fig. 3). The way in which the values of Ee. /cO 
reported for each case in Table | were obtained 
on these bases is detailed in the supplementary 
materials. 

The star in Fig. 2 indicates the results of a 
preparative scale CO, electrolysis by using electro- 
chemically generated Fe°TDHPP as the catalyst 
(fig. S1 and accompanying text). After 2 hours at 
a potential of —1.16 V versus normal hydrogen 
electrode (NHE), gas chromatographic analysis 
showed a 94% faradaic yield of CO, with 6% 
competing hydrogen formation; the averaged cur- 
rent density was 0.31 mA/cm? (fig. S5). This 
corresponds to logTOF = 3.5 at 0.466 V over- 
potential. The catalyst is also remarkably stable: 
Fifty million turnovers were achieved after 4 hours 
of electrolysis at this potential, with no degrada- 
tion of the iron complex. The reason for selecting 
an electrolysis potential more positive than the 
standard potential of the catalyst couple derives 
from the subsequent considerations. 

Rather than deriving the log7OF versus n 
relationship characterizing the Fe°TDHPP cata- 
lyst from a series of preparative scale electrolyses 
at various potentials, it can be obtained in a more 
rapid and detailed manner by treating the catalytic 
cyclic voltammetric responses of FeTDHPP as 
follows. In the absence of CO>, Fe" TDHPP shows 
three waves, in DMF, corresponding successively 
to the Fe'"/Fe'/Fe'/Fe° redox couples (Fig. 4A). 
As with FeTPP (6-8), catalysis takes place at the 
most negative wave, meaning that the catalyst is 
the iron(0) complex. In the absence of COs, the 
Fe'/Fe° wave is not quite reversible at the slow 
scan rate, 0.1 V/s, at which the catalytic exper- 
iments are run. Raising the scan rate allows the 
determination of the Fe'/Fe® standard potential, 
EL= —1.333 V versus NHE (fig. $3). Introduc- 
tion of CO, results in a 60-fold increase of the 
current at the level of the Fe'/Fe° wave, (Fig. 4B) 
indicating a fast catalytic reaction. As discussed 
in detail elsewhere (9), the S-shaped current po- 
tential curve expected in these conditions is ham- 
pered by the occurrence of side phenomena such 
as substrate consumption, self-inhibition, deactiva- 
tion of the catalyst, and possibly others that in- 
terfere more and more as the current increases. 
These undesirable phenomena are thus minimized 
at the foot of the current potential curve. Shown 
in Fig. 4, C and D, is how inspection of the foot 
of the catalytic current potential response can 
therefore be used to obtain the TOF as a function 


Table 1. Catalysis of CO2 reduction to CO, showing correlation between turnover frequency and 


overpotential for the series of catalysts listed. 


Solvent Gaialyst 
0 logTOF logTOF) 
E 4 
Coico pO, vvs.NHE) 7%) wy ty Ref 
V vs. NHE 
0 
reer 0.41-0.56 23-42 -46 
-1:333 This 
noes Fe°TDMPP work 
2M H,O ee 0.89-1.04 1.3-2.5 -13.9 
~0.690 Tt. 
Re(bipy)(CO)3 
aoe 0.57 33 58 (0 
DMF + {m-(triphos)>- 
HBF, [Pd(CH3CN)]>} 0.80 0.67 15 (22) 
—0.260* _0.76 
~\ TN 
OG 
CH,CN \i 
+ 5% HO OC—Mn—Br 0.51 -0.05 SBA 403) 
~0.650 “é 
oc CO 
-1.16__ 
\ 7 
S 
<n hin) é 0.87 15 -9.5 
<< \ 
\ J 
CH;CN 
0.650 -1.30__ (24) 
\ f 
<a) XY 081 15 -8.8 
as Ls 
\ S 
=4295 
\ y 
1:4 H,0 CO« 0.55 a2 Ee ll (15) 
CH;CN =, 
_0.650 —1.30 


*The large change in Eto, ico is due to the presence of a strong acid, HBF,4, which is much stronger than (CO, + H20) (supplementary 


materials). 


of the electrode potential. The foot-of-the-wave 
analysis involves a portion of the current-potential 
curve that stands at potentials substantially more 
positive than E°,,. It consists in plotting a fitting 
function F/T (supplementary text, section 6) 
against 1/{1+ exp[(f(E — E®,,))]}. The value 
of 2k{COz] is then derived from the slope of the 
linear portion of the F/T diagram, as shown in 
Fig. 4, D, F, and H. Using this value to obtain the 
log7OF-y relationship (Eqs. 1 to 3) closes the 
derivation of the catalyst characteristics from 
easy-to-measure cyclic voltammetric data as op- 
posed to the more tedious preparative-scale tests. 


The consistency of the two approaches is con- 
firmed by the fact that the point representing the 
result of preparative-scale catalysis (Fig. 2, star) 
stands on the log7OF versus 1 curve derived from 
cyclic voltammetry. This also explains why the 
electrode potential for preparative scale elec- 
trolysis was selected to be more positive (by 
170 mV) relative to the catalyst standard poten- 
tial: In this potential region, the abovementioned 
side-phenomena, which would have perturbed the 
preparative-scale electrolysis as they perturbed 
the cyclic voltammetric responses, are mini- 
mized. It is in this low overpotential region that 
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E(V vs. NHE) 
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E(V vs. NHE) 
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Fig. 4. Cyclic voltammetry in DMF + 0.1 M n-Bu,NPF¢ electrolyte at 0.1 V/s of 
1 mM of the three iron porphyrins (Fig. 1) after normalization to the Fe'/Fe' 
peak current, ig. (A) FeTDHPP +2 M H,0. (B) FeTDHPP +2 M H;0 in the 
presence (upper trace) and absence (lower trace) of 0.23 M COz. (C) FeTDHPP 


the catalyst is used at the best of its catalytic 
capabilities: A current density of 0.31 mA/cm* 
at a 0.466 V overpotential is obtained even though 
the operating potential, —1.16 V versus NHE, is 
then well below the catalyst standard potential, 
—1.33 V versus NHE. 

We may then compare, using the log7OF- 
vesus-1 representation of Fig. 2, the perform- 
ances of the present Fe’TDHPP catalyst with 
those of the other molecular catalysts reported in 
the literature in DMF and CH3CN as solvents. 
We excluded from the comparison a few systems 
for the following reasons. First, instable systems 
decompose after a few turnovers, as in (/2) and 
(73). Then, the attractive system described in (/4) 
likely involves heterogeneous interaction of a nick- 
el cyclam complex with the mercury electrode 
surface [a comparison with a glassy carbon elec- 
trode is provided in (/5)]. It is thus not possible to 
estimate the amount of catalyst participating in 
the reaction and hence to make a reliable com- 
parison with the other catalysts in Table 1. Like- 
wise, recent studies in which imidazolium (/6) or 
pyridinium cation (/7) are added to the aqueous 
solution and the electrode material (silver in the 
first case, platinum in the second) obviously plays 
a crucial, but still mysterious, role are clearly 
beyond the scope of molecular catalysis. The way 
in which the representative point of each catalyst 
was derived from the corresponding literature 
data are detailed in the supplementary text and in 
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(G), respectively. 


Table 1, which gives the values of TOF» in each 
case. It appears that the Fe°-TDHPP catalyst is 
slightly more efficient in terms of TOF (by a fac- 
tor of ~10) than the most efficient catalyst pre- 
viously reported. The latter is a rhenium complex, 
whereas the FeTDHPP catalyst uses a much 
cheaper metal. 

Coming back to cyclic voltammetry, the cat- 
alytic properties of Fe°TDMPP were compared 
with those of Fe°TDHPP in order to highlight the 
essential role of the OH protons in the remark- 
able efficiency of the latter catalyst. The catalytic 
Fe°TDMPP wave (fig. S2 provides more cyclic 
voltammetry of Fe"’TDMPP in the absence and 
presence of CO.) and the associated foot-of-the- 
wave analysis, which underlies the lower dashed 
line in Fig. 2, are shown in Fig. 4, E and F. In the 
potential domain examined, this catalyst gives 
rise to rather high TOF’s. However, this activity 
comes at the cost of large overpotentials. The 
comparison made at the level of intrinsic proper- 
ties, as captured by TOF, shows that Fe°-TDMPP 
is a considerably poorer catalyst than Fe° TDHPP 
by a factor of ~1 billion, which is not even worth 
assaying at a preparative scale. 

The comparison highlights the crucial role of the 
phenolic protons in this venture. This is confirmed 
by the observation that the TPPFe(I)/Fe(0)CO, 
catalytic wave increases with the addition of phe- 
nol in the solution (9). The exact mechanism of the 
interference of phenol is not known at present 


-1.5 -16 0 0.1 


-1 -1.1 -1.2 -1.3 -1.4 -1.5 -16 0 0.01 0.02 0.03 0.04 0.05 0.06 


0.2 0.3 0.4 


+2 M H,0 in the presence of 0.23 M CO>. (E) FeTDMPP +2 M H;0 in the 
presence of 0.23 M CO. (G) FeTPP + 3 M PhOH in the presence of 0.23 M CO>. 
(D, F, and H) Foot-of the-wave analyses of the voltammograms in (C), (E), and 


but is likely to be of the same push-pull (electron- 
proton) type as previously proposed for other 
acids (8). Whatever the details of the mechanism, 
the enhanced FeTDHPP catalytic activity is thus 
related to the very high local concentration of phe- 
nolic protons. In this context, it is interesting to 
compare quantitatively the catalytic reactivities 
of FeTDHPP and of FeTPP in the presence of a 
high concentration of phenol. The catalytic 
response of FeTPP in the presence of 3 M phenol 
is shown in Fig. 4G, together with the corre- 
sponding foot-of-the-wave analysis in Fig. 4H. 
The corresponding characteristics of this cata- 
lyst are E®,, = —1.41 V versus NHE and fea = 
2k[CO|= 3.2 x 10* s !. The latter figure is to be 
compared with the rate constant for FeTDHPP, 
1.6 x 10° ', leading to an estimate that the eight 
phenolic OH groups in the molecule are equiv- 
alent to a 150 M phenol concentration. Similar 
reasons are likely to explain the high reactivities 
observed in the presence of a local proton donor 
in other cases, such as in the cleavage of O-O 
bonds, concerted with proton and electron trans- 
fer (18), in the catalytic conversion of O, into 
HO (/9), and in the catalysis of hydrogen pro- 
duction and oxidation (20). 
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Dynamics of DNA Supercoils 


M. T. J. van Loenhout, M. V. de Grunt, C. Dekker* 


DNA in cells exhibits a supercoiled state in which the double helix is additionally twisted to form 
extended intertwined loops called plectonemes. Although supercoiling is vital to many cellular 
processes, its dynamics remain elusive. In this work, we directly visualize the dynamics of individual 
plectonemes. We observe that multiple plectonemes can be present and that their number depends on 
applied stretching force and ionic strength. Plectonemes moved along DNA by diffusion or, 
unexpectedly, by a fast hopping process that facilitated very rapid (<20 milliseconds) long-range 
plectoneme displacement by nucleating a new plectoneme at a distant position. These observations 
directly reveal the dynamics of plectonemes and identify a mode of movement that allows 
long-distance reorganization of the conformation of the genome on a millisecond time scale. 


ing state are ubiquitous in cellular DNA 

and affect virtually all genomic processes 
(J). Proteins moving along the helical path of 
the DNA, for example, generate torsional stress, 
which produces twist (the over- or underwind- 
ing of the DNA double helix around its axis) 
and writhe (the coiling of the duplex axis around 
itself). Supercoiling affects the cell because it 
alters the conformation of the genome on two 
basic levels. First, supercoiling can induce local 
changes in the DNA structure, such as a locally 
destabilized or deformed duplex, which subse- 
quently affect transcription or trigger protein bind- 
ing (2-4). Second, supercoiling can induce global 
changes in the conformation of the genome, which 
bring distant DNA sequences together, thereby 
facilitating DNA compaction and site-specific re- 
combination (5, 6). Genomic DNA is organized in 
topological domains of 10 to 100 kilobases (kb) 
that isolate topological changes from neighbor- 
ing regions (/). Within these regions, torsion can 
rapidly transmit, allowing for long-range com- 
munication between distant genomic locations 
(7). To understand the cellular processes that are 


S upercoiling and changes in the supercoil- 
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affected by supercoiling, it is essential to compre- 
hend its dynamics, of which virtually nothing is 
known. Do plectonemes move along DNA, and if 
so, by which process and on what time scale? We 
address these questions at the single-molecule level. 

The dynamics of supercoiled DNA have been 
difficult to address experimentally. Static images 
obtained by electron and atomic force microscopy 
showed that supercoiled plasmids are plectonemic 
(8, 9). These images could not capture the dynam- 
ics, as DNA needs to be strongly immobilized for 
imaging. Measurements of site-specific recom- 
bination have provided indirect information on 
the speed of juxtaposition of DNA positions, but 
these results did not agree with theoretical pre- 
dictions, leaving many unanswered questions about 
the dynamics and diffusion speed of plectonemes 
(6, 10). Single-molecule magnetic tweezers have 
proven to be an ideal platform to study DNA 
mechanics, as they can twist and apply a stretching 
force to individual DNA molecules. (/7). However, 
in the traditional implementation, this technique 
is limited, as it only measures the DNA end-to- 
end distance and not the position of a plectoneme 
along the DNA tether. 

To visualize the dynamics of plectonemes di- 
rectly along a single DNA molecule, we devel- 
oped a magnetic tweezers apparatus (Fig. 1A) 
that pulls a fluorescently labeled DNA mole- 
cule sideways and visualizes it along its length 
using epi-fluorescence. Each experiment started 


by creating plectonemes in a DNA molecule that 
was torsionally constrained between the flow cell 
surface and a magnetic bead by coiling it with a 
pair of magnets positioned above the DNA tether. 
The DNA molecule was positively supercoiled to 
a degree at which 25% of the DNA contour length 
was put into a plectonemic state (Fig. 1B and table 
S1). Subsequently, we brought an additional mag- 
net near the side of the flow cell and removed the 
top magnets, thus pulling the DNA tether side- 
ways at modest stretching forces (0.4 to 3.2 pN), 
which are readily generated by, for example, poly- 
merases in vivo (/2). We took all measurements 
on 21-kb DNA molecules, which are similar in length 
to the topological domains observed in genomic 
DNA (J). We covalently labeled the DNA mole- 
cules with Cy3 dyes attached by a long (~3-nm) 
linker at random positions along their length, re- 
sulting in a low labeling density of ~1/25 base pairs. 
An efficient oxygen-scavenging system (3) allowed 
us to monitor supercoiled DNA molecules for sev- 
eral seconds before photo-induced nicking oc- 
curred, which released all torsional stress. Cy3 
labeling did not affect the mechanical properties 
of the DNA, as shown by the rotation curves of 
labeled molecules, which overlap with those of 
unlabeled molecules (Fig. 1B and fig. S1) (/4). 
We observed individual plectonemes in super- 
coiled DNA molecules in images acquired with 
20-ms time resolution. As illustrated in Fig. 1C and 
movie S1 (/4), plectonemes appear in the images 
as bright spots along the DNA, as the local DNA 
density is higher in the plectonemes. These bright 
spots were near-diffraction-limited, with a typical 
spot size of ~500 nm. The spots were not present 
in nonsupercoiled DNA and disappeared instant- 
ly ifa DNA molecule was nicked (fig. S2) (/4). 
We observed that multiple plectonemes were 
present that appeared and disappeared and moved 
along the DNA. We analyzed the dynamics of 
plectonemes by converting the time series of im- 
ages to kymographs, which plot the intensity 
profile along the DNA position versus time (Fig. 
1D). Within the 2-s time scale of the kymograph 
in Fig. 1D, we observed many events in which 
plectonemes nucleated, moved, and disappeared 
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some time later. We developed a fitting routine to 
count and extract the plectonemes’ positions over 
time (figs. S3 to $5) (/4). A typical result is 
shown in Fig. 1E, where individual plectonemes 
are marked by different colors. 

We find that the number of plectonemes in 
the DNA varies substantially with ionic strength 
and applied force. Experiments were performed 
for a range of ionic strengths (concentration of 
NaCl [NaCl] = 20 to 300 mM) and forces (f= 
0.4 to 3.2 pN) (Fig. 2A and movie S2) (/4). We 
found that plectonemes are very dynamic at low 
forces and quickly move between positions along 


A B 


the DNA. At higher forces, the dynamics become 
restricted, and single plectonemes remain at 
the same position for long periods of time (sev- 
eral seconds), giving rise to nearly static high- 
intensity bands in the kymographs. The number of 
plectonemes present at any given time varied from 
a single plectoneme for high-force and -salt con- 
ditions to about three for low-force and -salt 
conditions (Fig. 2, B and C). The mean size of 
individual plectonemes varied between ~1.7 
and ~5.3 kb, which is consistent with the ~2.3 kb 
observed by electron microscopy (8) and also 
with predictions of Monte Carlo simulations (/5). 
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Fig. 1. Visualization of plectonemes by fluorescence with side-pulling magnetic 
tweezers. (A) A DNA molecule is supercoiled by rotating a pair of magnets and is 
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subsequently pulled sideways with an additional magnet into the focal plane of a 
high—numerical aperture objective. (B) DNA rotation curves of a 21-kb molecule 
labeled with Cy3 in a 300 mM NaCl buffer at various forces (black, red, green, blue: 0.4, 0.8, 1.6. 3.2 pN) and a nonlabeled molecule (gray points). 
Experiments were performed at conditions where 25% of the DNA contour length was in a plectonemic state (open circles). (C) Images at consecutive 
20-ms intervals of a supercoiled DNA molecule showing plectonemes (arrows) at a force of 0.8 pN in a buffer containing 150 mM NaCl. (D) Kymograph 
of the supercoiled DNA molecule shown in (C) constructed by summation of the pixel intensities perpendicular to the stretching direction of the 
molecule, plotting the intensity (color scale) versus position and time. Plectonemes are visible as high-intensity regions in the kymograph. (E) Same 
kymograph as in (D) after background subtraction and peak fitting (figs. $3 to $5). Individual plectonemes identified in consecutive frames are 


indicated with different colors. 


Fig. 2. The number of plectonemes A 
and their dynamics depend on the 
applied stretching force and ionic 
strength. (A) Kymographs of DNA 
molecules for 12 different stretching 
force/ionic strength combinations (also 
available as movie $2). (B) The mean 
number of plectonemes increases with 
decreasing ionic strength (n > 4 DNA 
molecules per data point, error bars 
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Our results confirm the general trends described in 
two recent theoretical studies by Emanuel et al. 
(J6) and Marko and Neukirch (/7), which pre- 
dict the presence of multiple plectonemes for 
low-force (<0.5 pN) or low-salt concentrations 
(<50 mM). At higher forces and increased salt 
concentrations (=1 pN, >50 mM), Marko and 
Neukirch (/7) predict the presence of only a single 
plectonemic domain in a 10-kb DNA molecule, 
whereas we observed that a few plectonemes 
could still be present under these conditions. 
The number of plectonemes present in a DNA 
molecule will be set by the free-energy balance 
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between the change in enthalpy and the change 
in entropy upon the formation of an additional 
plectoneme (/5). Entropy will favor the presence 
of multiple plectonemes, as they can occupy mul- 
tiple positions along the molecule and distribute 
the writhe between them (/6, /7). The energy 
cost required to bend the DNA in the plectoneme, 
however, will favor a single plectoneme. The struc- 
ture of a plectoneme can be simplified to consist 
of an intertwined section and an end loop (Fig. 
1A). The formation of an end loop with size 2Reng 
(where Reng is the end-loop radius) is energetically 
more costly than extending the intertwined region, 
making it unfavorable to form multiple plectonemes 
(/8). Surprisingly, the data showed that multiple 
plectonemes were present in DNA molecules. 
The observed number of plectonemes de- 
creased for higher ionic strengths (Fig. 2, B and 
C), which can be understood by considering the 
plectoneme structure. Increasing ionic strength 
will screen the electrostatic repulsion between 
the highly charged DNA backbones, leading to 
a reduction of the plectoneme radius (R) com- 
pared with R..g, which is set by the mechani- 
cal bending of the DNA (9, 20). At high ionic 
strength, R < R.»g, favoring a single plectoneme, 
but at low ionic strength, R increases and be- 
comes approximately equal to Reng, reducing 
the free-energy penalty for forming additional 
plectonemes. This response was experimentally 
observed as the number of plectonemes increased 
with decreasing ionic strength (Fig. 2, B and C). 
The applied stretching force did not have a strong 
influence on the number of plectonemes (Fig. 2B). 
In contrast to ionic strength, an applied stretch- 
ing force would reduce both R and Reng, mak- 
ing the free-energy penalty for the formation of 
an additional plectoneme rather insensitive to force. 
We now turn to the dynamics of plectonemes. 
Unexpectedly, we observed two different types of 
motion: (i) diffusive motion, in which a plectoneme 
randomly moved along a DNA molecule (Fig. 3, 
A to ©), and (ii) hopping, in which a plectoneme 
suddenly shrank or disappeared while simulta- 
neously a new plectoneme nucleated at a differ- 
ent location (Fig. 4, A to C). First, we focus on 
diffusion. To quantify the diffusive behavior of 
plectonemes, we tracked the position of indi- 
vidual plectonemes with an extended lifetime 
(20.3 s) (Fig. 3B and fig. S6) (/4). An example 
of the diffusional tracks for 24 plectonemes is 
shown in Fig. 3D. To extract the plectoneme dif- 
fusion constant D, we calculated the mean squared 
displacement (MSD) (Ax?(#)), where f is time, Ax 
is the plectoneme displacement along the DNA, 
and () denotes the time average (supplementary text 
S1 and S82) (/4). As shown in Fig. 3E, we ob- 
serve a near-linear relation of the MSD with time, 
(Ax? (t)) = 2Dt, which is characteristic for Brow- 
nian motion, indicating that plectonemes indeed 
move along DNA by one-dimensional diffusion, 
similar to the diffusion of knots in DNA (2/). 
Diffusion of a plectoneme not only requires 
the sideways motion of the plectoneme, but also 
the slithering motion of the DNA within the su- 


percoil (Fig. 3C) (22). Notably, the diffusional 
constants that we experimentally observed were 
substantially lower than those predicted for the 
hydrodynamic drag of plectonemes (Fig. 3F and 
supplementary text S3) (74) and showed a rapid 
decrease with applied stretching force (Fig. 3, E 
and F). Surface effects caused by the proximity 
of the DNA molecule to the surface cannot ex- 
plain such a large reduction in diffusion speed, 
as they result only in a very small increase in the 
viscous drag (supplementary text S4) (/4). 

The unexpectedly slow diffusion of plectonemes 
can originate from different microscopic causes, 
which, in their most general form, may be repre- 
sented by the presence of a rugged energy landscape 
that the plectoneme must navigate while moving 
along the DNA molecule. This energy landscape 
can derive from sequence-dependent mechanical 
properties, such as the intrinsic curvature and 
bendability of DNA, that create local energy bar- 
riers for diffusion (23). We observed that plecto- 
nemes are not altogether randomly distributed along 
a DNA molecule, but they have some preference 
for certain positions along the DNA (Fig. 2A). 

We can quantitatively estimate the effect of a 
rugged energy potential on the diffusive motion 
of a plectoneme by expressing D as the product 
of the hydrodynamic diffusion constant D,, and 
a retardation factor F(e). If we assume that the 
fluctuating part of the potential energy landscape 
along the DNA molecule obeys a Gaussian dis- 


Fig. 3. Plectoneme diffusion 
along a DNA molecule. (A) Im- 
ages and (B) kymograph of a 
plectoneme diffusing along a 
DNA molecule (150 mM NaCl, 
0.8 pN). Solid line in (B) de- 
notes the diffusional track of B 
the plectoneme as obtained by 
a fit to the intensity in the ky- 
mograph (fig. $6). (C) Diffusion 
of a plectoneme involves the 
sideways movement of the DNA 
but also a slithering motion within 
the plectoneme. (D) Example of dif- 


Time (s) 


tribution, then F(e) = exp[-(e/kg7)"], where € 
denotes the root mean square fluctuations in 
the energy potential, ‘gy is Boltzmann’s constant, 
and 7 is temperature (24). As the bending en- 
ergy for looping DNA scales as the square root 
of the applied stretching force (25), we propose 
a rugged-energy model with e( f) <./f, which 
provides an excellent fit (green line in Fig. 3F) 
to the experimental data compared with the sim- 
ple hydrodynamic model (black line in Fig. 3F; 
see also fig. S7) (/4). We found values for € 
of lkg7 (at 150 mM and 0.8 pN) to 2k,7 (at 
300 mM and 3.2 pN), representing only a small 
modulation compared with the bending ener- 
gies of the end loop, which are 14437 and 28kg7; 
respectively (25). Importantly, the values of € are 
close to the thermal energy, allowing for diffu- 
sion to occur, albeit at a reduced speed. 

The second mechanism by which plectonemes 
move along DNA is hopping, where one plecto- 
neme suddenly shrinks or vanishes and a new 
one simultaneously nucleates at a different po- 
sition along the DNA (Fig. 4, A to C). These 
hopping events were generally fast, occurring 
abruptly within the 20 ms of our single-frame 
time resolution, and spanned large distances that 
could not be explained by a diffusion mechanism 
(Fig. 4, A and B, and supplementary text S5) 
(/4). The total length of DNA in plectonemes was 
constant at 25% in our experiments, so shrink- 
ing of a plectoneme necessarily resulted in the 
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fusion traces. (E) MSD of plectoneme 
positions at 0.8 pN (squares), 
1.6 pN (circles), and 3.2 pN (tri- 
angles) of stretching force. Lines 
are linear fits to the MSD (sup- 
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plementary text $1). Solid sym- 
bols, 150 mM NaCl; open symbols, 
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300 mM NaCL. (F) Diffusion con- 
stants, corrected for the DNA ex- 
tension at the experimentally probed 
forces (supplementary text $1), 
obtained from linear fits of (E). 
The observed diffusion constants 
are much lower than those predicted 
from a hydrodynamic diffusion 
model (black line) (supplemen- 
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tary text $3). A model incorpo- 0) 
rating a rugged energy landscape 
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(green line) (see also fig. $7) fits the 300-mM data well. (G) Schematic diagram of plectoneme diffusion in a 
rugged energy landscape along a DNA molecule. a.u., arbitrary units. 
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growing or nucleation of a new plectoneme, and 
the observed nucleation rate (0.3 to 22 s‘) is 
equivalent to the hopping rate. This rate decreased 
with increasing force and ionic strength (/8) (Fig. 
4D and supplementary text S6) (/4), whereas 
the mean plectoneme lifetime (0.1 to 10 s) in- 
creased strongly with force and ionic strength 
(Fig. 4E). The distribution of plectoneme lifetimes 
showed a strong decrease with time (Fig. 4F); that 
is, most plectonemes are short-lived (<0.1 s). 

We can explain the distribution of lifetimes 
by considering what happens after nucleation of 
a plectoneme. The plectoneme can either grow 
by absorbing more writhe or shrink by releasing 
writhe. The growing and shrinking of a plecto- 
neme can be described by a random walk, and 
the lifetime of the plectoneme is then set by the 
first return to the origin of the walk—that is, the 
nucleation point. The probability of this first re- 


turn at time f is given by P(t) = (72) = 


where ( ) denotes the binomial coefficient. 


t 
t/2 
This random-walk model described the experi- 
mental data well (blue lines in Fig. 4F; see also 
supplementary text S7) (/4). We observed a sim- 
ilar scaling of the lifetimes for all experimental 
conditions (fig. S8) (/4). 

Hopping allows plectonemes to move over 
large distances. We observed maximum hopping 
distances of up to 15 kb (~5S um) in our 21-kb 
DNA molecules (fig. S9) (74). Interestingly, hop- 


ping can occur over these large distances regard- 
less of the rugged energy landscape in between, 
as the nucleation at the new location is indepen- 
dent of any energy barriers associated with the 
DNA between the shrinking plectoneme and the 
nucleation spot (Fig. 4G). Hopping is merely re- 
stricted by the energy required for nucleation of 
a new plectoneme and the subsequent transfer 
of writhe to the new plectoneme by the rotation 
of the intermediate DNA. The nucleation barrier 
depends on both applied stretching force and 
ionic strength, predicting lower nucleation rates 
at high force and high ionic strength (/8), match- 
ing our observations (Fig. 4D). 

A theoretical estimate of the viscous drag asso- 
ciated with the rotation and movement of the in- 
termediate DNA during hopping (Fig. 4C) shows 
that it only grows slowly with distance and is 
much smaller than the drag for the diffusion ofa 
plectoneme. Surprisingly, thermal fluctuations are 
expected to result in a hopping distance that scales 
linearly with time, in contrast to the distance for 
diffusive motion, which scales as the square root 
of time (supplementary text S8) (/4). The lower 
drag allowed plectonemes to relocate by hopping 
over many kilobases in a fraction ofa second, which 
would be impossible for diffusion of a plectoneme 
along the DNA molecule. 

The observed dynamics of DNA supercoils 
reveal how plectonemes change the DNA con- 
formation. We found that multiple plectonemes 
are present in a supercoiled DNA molecule un- 


Fig. 4. Plectoneme hopping along A c ey 

a DNA molecule. (A) Images and oe 
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ping of a plectoneme involves + 0.18 sam Q. 
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a different location and the trans- D 


fer of writhe by rotation and side- 
ways motion of the intermediate 
DNA. (D) Nucleation rate of plecto- 
nemes as a function of force at 
different ionic strengths (supple- 
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der applied force, with a typical density of one 
plectoneme per 10 kb. Diffusion of plectonemes 
was strongly dependent on applied stretching 
force, suggesting that it is hindered by local in- 
homogeneities in the DNA mechanical proper- 
ties. In contrast, hopping of plectonemes results 
in a fast, long-range rearrangement of the DNA 
conformation, which may explain the fast search 
times for site juxtaposition of two distant DNA 
regions. Hopping can also aid to recruit a plecto- 
neme to a DNA sequence that exhibits inherent 
curvature or to a site of protein-induced DNA 
bending. Such a mechanism will allow for changes 
in the conformation of the genome at the milli- 
second timescale, thereby triggering protein bind- 
ing or influencing gene expression. 
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Mammalian grinding dentitions are composed of four major tissues that wear differentially, 
creating coarse surfaces for pulverizing tough plants and liberating nutrients. Although such 
dentition evolved repeatedly in mammals (such as horses, bison, and elephants), a similar 
innovation occurred much earlier (~85 million years ago) within the duck-billed dinosaur 

group Hadrosauridae, fueling their 35-million-year occupation of Laurasian megaherbivorous 
niches. How this complexity was achieved is unknown, as reptilian teeth are generally two-tissue 
structures presumably lacking biomechanical attributes for grinding. Here we show that 
hadrosaurids broke from the primitive reptilian archetype and evolved a six-tissue dental 
composition that is among the most sophisticated known. Three-dimensional wear models 
incorporating fossilized wear properties reveal how these tissues interacted for grinding 


and ecological specialization. 


adrosaurids were the dominant large her- 
Hes= of Late Cretaceous Europe, Asia, 

and North America (/). Gut and fecal 
contents show that these gregarious, facultative 
bipeds (Fig. 1A) with broad ducklike bills grazed 
on horsetail, fern, and primitive angiosperm ground 
cover and browsed on conifers (2). These tough 
plants, laden with siliceous phytoliths and/or ex- 
ogenous grit that scoured their teeth (/), were 
pulverized using dentitions consisting of columns 
of developing and functional teeth with flattened 
horse- and bison-like grinding surfaces (3, 4) 
(Fig. 1, B to D). It’s likely that exploitation of 
these resources, which were presumably not as 
accessible to their forebears who had shearing 
teeth (5—7) (Fig. 1E), facilitated the extensive 
hadrosaurid radiation (8, 9). 

The traditional model of hadrosaurid chew- 
ing surfaces includes only the primitive reptilian 
(Sauria) dental tissues enamel (hard hyperminer- 
alized material) and orthodentine (“dentine”; soft 
bonelike tissue) (3, 4) (Fig. 2A). Accordingly, 
file-like crests and basins would have formed on 
tooth surfaces because of differential wear re- 
sistance as the teeth moved across the chewing 
surface (6) (Fig. 1C). 

This model contrasts with what we see in more 
complex mammalian grinding teeth (J0-/4) (Fig. 
1D). In mammals, the major tissues, besides ena- 
mel and orthodentine, include soft secondary den- 
tine (that forms a lower tier within basins, sealing 
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the pulp cavity to prevent abscesses) and coronal 
cementum (a derived root attachment tissue that 
migrates onto the crowns, reducing stress on the 
brittle crests by transmitting loads among tissues). 

The current model of hadrosaurid dental archi- 
tecture is simplistic, lacking both crest-supporting 


and abscess-preventative tissues. Furthermore, 
enamel is present only in the leading teeth in the 
lower batteries (Fig. 2A), thereby leaving no hard 
tissues to form subsequent crests (Fig. 2B). Fi- 
nally, conspicuous features are unaccounted for, 
including granular material between teeth and fill- 
ing pits within basins, slicing planes on leading- 
edge teeth, and branched and linear ridges within 
the basins (/5) (Fig. 2, B and C). 

How was mammal-like grinding achieved in 
hadrosaurids? We provide answers by (i) charac- 
terizing tissue compositions and chewing surface 
morphologies in hadrosaurids and outgroups, (ii) 
mechanically testing the tissues for wear-relevant 
attributes, (iii) using those properties in a tribo- 
logical (study of wear) model to reveal the bio- 
mechanics of grinding-surface formation, and (iv) 
summarizing these findings in an evolutionary 
context. 

Comprehensive phylogenies for the Hadro- 
sauridae (8) (fig. S1) and Ornithischia (6) were 
used to identify 27 taxa representing dental 
variation throughout the ornithopodan radia- 
tion (table S1). The tissue compositions were 
determined from intact batteries and transversely 
sectioned teeth using dissecting and/or polariz- 
ing microscopy (/7). Casts of worn chewing 
surfaces were made and the morphologies dig- 
itally captured using laser scanning confocal 
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Fig. 1. Dental comparisons. (A) Hadrosaurid skeleton (Edmontosaurus). (B) Dental battery showing 
developing teeth (lingual view). (C) Edmontosaurus dental battery showing the progression of developing 
teeth and the grinding surface with teeth in various wear stages. (D) Ungulate grinding molars showing 
four-tissue composition. (E) Hadrosaurid outgroup condition (Camptosaurus) possessing individual shear- 


ing teeth at each position. 
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microscopy and micro-computerized tomography 
(fig. S2). 

Relative values for tissue wear rates (a direct 
measure of material removal) and hardnesses (the 
resistance of a solid to permanent deformation 
when loaded) are the most pertinent properties to 
determine how dental tissues contribute to whole- 
tooth abrasive wear (/8, 19). Before this study, 
these had not been recovered from fossil teeth. 
In dried modern teeth, analogs to well-preserved 
fossils, material properties are commonly recov- 
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ered (20), because apatite mineral content is the 
major determinant of osseous tissue hardness 
(21). In a feasibility analysis, we used nano- 
indentation hardness testing on extant and Late 
Pleistocene bison molar tissues, in which tissues 
were indented with a diamond tip with equal 
force to provide comparative data (/7). This 
showed comparable relative values between the 
tissues of fossil and extant teeth (Fig. 3C). 

We characterized the hadrosaurid tissue 
wear properties by subjecting an Edmontosaurus 
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Fig. 2. Hadrosaurid dental organization. (A) Two-tissue model, frontal section of jaws depicting just 
enamel (red) and dentine (yellow) tooth composition (3, 4), with no enamel layers across the lower 
chewing surface. The upper (maxillary) teeth and lower (dentary) teeth were drawn at various angles 
across one another (2). The blue arrow depicts the movement of the upper teeth across the lower ones. The 
lower teeth may have been simultaneously drawn in the opposite direction. Tooth developmental stages 
are numbered in the upper (My) and lower (Dy) jaws. [Worn teeth were shed every 45 to 80 days from each 
column (7), up to 1880/year in total (17).] (B) Unexplained chewing surface features. (C) Hadrosaurus 
tooth with a Y-shaped ridge (arrow). (D) Sections through Edmontosaurus teeth showing tissues. Their 
presence and configurations vary throughout individual teeth. For instance, the roots (E), which become 
exposed, lack giant tubules. Coronal cementum (arrows) is present on the chewing surface and sides of 


a crown. 
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[American Museum of Natural History (AMNH) 
specimen no. 5896] dental battery to microtribo- 
logical wear testing, in which a diamond-tipped 
probe was drawn across the tooth (at a sliding 
velocity of 1 mm/s, with 100 mN of normal 
force) to mimic abrasive feeding strokes (/7) (fig. 
S4). A surface profiler measured the volume of 
material removed, which was divided by the 
product of the normal force and the sliding 
distance to reveal the wear rates (/7). Indicators 
that biological values were recovered included 
the correspondence of wear depths to relief on 
naturally worn batteries, and the capacity to 
replicate the chewing surface topography using 
a three-dimensional tribological simulation (/7, 22) 
based on Archard’s wear law (18, 23) (Eq. 1) 

V(mm*) = K[mm*/(Nm)]F,(N)d(m) (1) 
{The volume of material lost, V (in mm’), is 
equal to wear rate, K [in mnr/(Nm)], times 
normal load, F,, (in newtons, N), times sliding 
distance, d (in meters, m).} 

The model numerically simulates topograph- 
ical changes to a multi-tissue hadrosaurid dental 
battery subjected to wear with an abrasive com- 
pliant pad analogous to hadrosaurid fodder. Start- 
ing from a planar surface encompassing tissue 
distributions and wear rates, the progressive cou- 
pling of wear and contact pressure (a function of 
surface geometry) results in an equilibrium to- 
pography where all tissues recede at equal rates. The 
model was ultimately used to test how tissue dis- 
tributions act to create surface features through wear. 

To confirm that wear-relevant properties are 
preserved in the 65- to 69-million-year-old fos- 
sils, we nanoindented teeth from AMNH 5896 
and two others (/7). Indicators for preservation 
include hardnesses correspondent with wear rates, 
similar values among individuals, and the capac- 
ity to predict the chewing surface morphology 
through the wear model, using hardness as a wear 
rate proxy (/7). We also collected comparative 
data for the domestic horse (Equus caballus). 

Results show that hadrosaurid teeth were 
composed of six major tissues (Fig. 2D). These 
include all four wear-relevant constituents that 
characterize mammalian grinding teeth: enamel 
and orthodentine, as well as independently de- 
rived secondary dentine and coronal cementum 
[a tissue used to demonstrate mammalian dental 
sophistication (0, /4)]. Giant tubules (infilled pulp 
cavity branches) and a thick mantle dentine are 
also present. These results suggest that hadrosaurid 
teeth were among the most histologically com- 
plex of any animal. Additionally, unlike mammalian 
teeth (//), tissue distribution varied substantially 
within each tooth, exposing different configu- 
rations as they migrated across the chewing sur- 
face (Fig. 2, D and E). This allowed a single tooth 
to assume different forms and functions during its 
progression. 

Tribology experiments revealed wear rates 
ranging from ~90 x 10 ° mm/Nm for orthoden- 
tine (the least wear-resistant) to ~6 x 10 ° mm?/Nm 
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for enamel (the most wear-resistant) (Fig. 3, 
A, B, and D), which correspond to topographic 
features on worn batteries (Figs. 1C and 2B). 
Input of these values into the wear model re- 


Fig. 3. Wear and hardness characterization. (A) 
Planarized Edmontosaurus tooth with wear track 
(left). (B) Profilometry of scratched tissues in AMNH 
5896. Secondary dentine was not tested owing to 
its negligible footprint. (C) Mean and standard 
deviation from nanoindentation experiments on 
wear-relevant tissues in ungulates and hadrosaurids. 
The fossil bison absolute hardness values appear 
to be elevated from the degradation of elastic col- 
lagen, but the preservation of relative hardness, 
which is critical for understanding wear, is evi- 
dent. Tissue-specific hardnesses in extant ungulate 
grinding teeth are highly variable among taxa. An 
exact match between values for the bison or horse 
and the analogous Edmontosaurus tissues is not 
expected. (D) Mean wear rates and standard devia- 
tion versus mean hardness and standard deviation 
for AMNH 5896 tissues. 
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sulted in a three-dimensional topography seen 
in naturally worn batteries. This includes crests 
where enamel is absent, as well as branched ridges 
(Fig. 4). Simulation reveals the contributions 
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of each tissue to the worn topography (fig. S5). 
This shows that the overall morphology is im- 
possible to achieve without the entire tissue 
ensemble (figs. SS and S6). These findings 
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provide strong evidence that biologically rele- 
vant tribological properties are preserved in the 
fossil teeth. 

Nanoindentation revealed mean hardness 
values from ~1 GPa for secondary dentine to 
~6 GPa for enamel (Fig. 3C). Hardness and wear 
rates are related as expected for AMNH 5896 
(Fig. 3D), and hardnesses were similar among 
Edmontosaurus individuals (Fig. 3C). Hardness- 
based wear models for all three dinosaurs also 
wore to a morphology matching naturally worn 
batteries, including crests where enamel is ab- 
sent and branched ridges (fig. S7). 

In a phylogenetic context, these histological, 
biomechanical, and simulation data demonstrate 
how hadrosaurids evolved mammal-like grinding 
capacity. The primitive condition, in Hadrosauridae, 
seen in Edmontosaurus and most taxa (fig. S3), 
was a dual-function slicing-grinding system, pre- 
sumably for the consumption of fibrous, moder- 
ately tough plants (2). The leading teeth have an 
inclined slicing plane, whereas all others form a 
file-like pavement. Highly wear-resistant enamel 
forms crests in all upper battery teeth but only in 
the lead teeth in the lower battery, because enam- 
el was worn away before the teeth migrated across 
the chewing surface (Figs. 2A and 4A). Wear- 
resistant mantle dentine is the tissue that takes 
over the crest-forming role in the lower batteries 
(Fig. 4A and fig. S5). The inclined slicing faces 
in the leading teeth are composed of giant tubule 
curtains with intermediate wear resistance, span- 
ning between the wear-resistant mantle dentine 
crests and the high-wear orthodentine basins (Fig. 
2D and fig. S5). Large individual and branched 
giant tubules formed intermediate-height ridges 
partitioning the basins (Fig. 4A and fig. S5). Mod- 
eling shows that they influenced basin depth at 
each tooth position [greater sliding distance = 
greater scour (23)] and probably provided for finer 
grinding of plants than did major crests (fig. S5). 
Coronal cementum is prevalent, as in mammalian 
grinding teeth (Figs. 2D and 4A). It similarly 
served as a bridge minimizing stress singularities 
on the hard brittle crests, but also bound teeth 
together (fig. S5). Abscess-preventing secondary 
dentine is present only where the pulp cavity was 
locally breached and, unlike in mammalian grind- 
ing teeth, didn’t substantially contribute to basin 
formation through wear. 

The distribution of these characters phyloge- 
ntically shows that longitudinal giant tubules and 
secondary dentine evolved at the base of Omithop- 
oda, probably for abscess prevention in association 
with dental occlusion (fig. S3). Transverse giant 
tubules subsequently appeared in hadrosauroideans 
for steeper-angled slicing. The remaining tissues 
(mantle dentine and extensive coronal cementum) 
are primitive for Hadrosaurids and evolved as 
innovations for combined slicing and grinding 
(fig. S3). Tissue-complex modifications appear to 
have allowed for diversification into specialized 
ecological niches (fig. S3). Some taxa evolved 
teeth with coarse grinding pavements across the 
entire chewing area, presumably for processing 


tough plant matter (figs. S2 and $3). This was 
achieved through the loss of transversely oriented 
giant tubules, so slicing plane formation and basin 
partitioning couldn’t occur. In other taxa, grinding 
capacity was completely lost and the teeth were 
specialized for high-angle slicing (fig. S3). In these 
batteries, transversely oriented giant tubules radi- 
ate throughout the teeth, so shearing faces formed 
at all wear stages across the chewing surfaces. 

Hadrosaurids evolved the most histologically 
and biomechanically sophisticated dentitions known 
among reptiles, and these rivaled those of ad- 
vanced herbivorous mammals in complexity. 
Three-dimensional tribological modeling allows 
for an improved understanding of tissue-level 
contributions to dental form and function. The 
ability to measure wear-relevant properties in fos- 
sils provides a new approach to study biomechanics 
throughout evolution. Such inferences will be en- 
lightening across major mammalian and reptilian 
diversifications involving dental and dietary changes 
(24, 25). 
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Rapid Acceleration Leads to Rapid 
Weakening in Earthquake-Like 
Laboratory Experiments 


J. C. Chang,’ D. A. Lockner,? Z. Reches?* 


After nucleation, a large earthquake propagates as an expanding rupture front along a fault. This front 
activates countless fault patches that slip by consuming energy stored in Earth’s crust. We simulated 
the slip of a fault patch by rapidly loading an experimental fault with energy stored in a spinning 
flywheel. The spontaneous evolution of strength, acceleration, and velocity indicates that our experiments 
are proxies of fault-patch behavior during earthquakes of moment magnitude (M,) = 4 to 8. We show 
that seismically determined earthquake parameters (e.g., displacement, velocity, magnitude, or fracture 
energy) can be used to estimate the intensity of the energy release during an earthquake. Our 
experiments further indicate that high acceleration imposed by the earthquake’s rupture front quickens 
dynamic weakening by intense wear of the fault zone. 


ation area and grow as propagating rupture 
fronts (J, 2) (Fig. 1A). The propagating 
front activates a multitude of fault patches that 


L« earthquakes initiate at a small nucle- 


undergo intense deformation (Fig. 1, B and C). 
Before the front arrives, the stress 1 on each patch 
is generally lower than its static strength 1, [both 
stress and strength are presented as the friction 
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coefficient, 1 = (shear stress/normal stress)]. If 
the arriving front raises the stress to the static 
strength level, the patch strength may drop (/) 
(Fig. 1B), and it slips while releasing elastic en- 
ergy stored in the rocks, and eventually it decel- 
erates and stops. This model is widely accepted 
(J—7), yet the evolution of strength, velocity, and 
energy partitioning are poorly constrained (2, 4). 

In stick-slip experiments (3, 7), the above 
earthquake sequence was simulated by loading 
an experimental fault until it spontaneously gener- 
ated an earthquake-like event (Fig. 1B). However, 
these experiments are limited to tiny displace- 
ments (3, 6, 7) that are five to six orders of 
magnitude less than large earthquake displace- 
ments. To circumvent this limitation, earthquake 
modelers relied on constitutive equations, like rate- 
and state-friction, based on steady-state friction 
data. 

We simulated fault-patch slip during large earth- 
quakes by employing one central concept: abruptly 
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Fig. 1. Stress and energy on a fault patch during an earthquake. (A) A fault patch activated by a 
propagating earthquake rupture. (B) Shear stress and slip acceleration during a stick-slip event along 
an experimental granite fault (3). (C) Conceptual evolution of shear traction on a fault patch during an 
earthquake (2). Ey, frictional heat energy; Eg, breakdown energy. (D) Calculated traction evolution of 
two fault patches of Northridge earthquake (2). 
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Fig. 2. The evolution of frictional strength and slip velocity in ELSE experiments with respect to (A and B) time and (C and D) slip distance (9). (A and C) Two runs 
with SWG loaded with EF; = 0.007 m (#754) and E, = 0.43 m (#733). (B and D) Two runs with KD loaded with Ec = 0.09 m (#1037) and Ec = 1.20 m (#1059). 
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deliver a finite amount of energy to an experimental 
fault patch that spontaneously dissipates the energy 
without operator intervention. We used a rotary- 
shear apparatus, in which a ring-shaped fault slips 
at velocities of up to 1 m/s, at normal stresses of 
up to 30 MPa (8, 9). We conducted 42 exper- 
iments on Sierra White granite (SWG) samples 
and 24 experiments on Kasota dolomite (KD) 
samples. Each experiment starts by spinning a 
225-kg disk-shaped flywheel to a prescribed an- 
gular velocity; during this stage, the sample remains 
stationary (9). Then, a fast-acting clutch engages 
the sample-half, forcing it to rotate with the fly- 
wheel until all stored kinetic energy is dissipated. 
We refer to this experiment as an “earthquake-like 
slip event” (ELSE) (table S1). The total energy is 
presented by the Coulomb energy density—E. = 
[flywheel kinetic energy/(sample area < normal 
stress)|—with units of meters (9) (tables S3 and S4). 

We first consider a typical run, in which a 
SWG sample (#733, Fig. 2A) is sheared under 
normal stress 6, = 6.8 MPa, and Ec = 0.42 m. 
The patch accelerated to peak velocity of V, = 
0.70 m/s in ~0.1 s and slipped for 0.86 m during 
2.50 s. The initial patch strength (u, = 0.66) briefly 
increased (u = 0.69) and then dropped to a min- 
imum value of Umin = 0.35. Finally, the patch 
strength recovered to 1, = 0.81 as the patch de- 
celerated (Fig. 2A). 


Similar patterns of strength evolution were 
observed for ELSE experiments with the follow- 
ing characteristics (Fig. 2, A to D, and figs. S7 
and S8): (i) The initial frictional strength (u,) was 
high and usually showed a brief strengthening 
stage. (ii) As slip continued, the strength decreased 
to a minimum value, Umin, frequently followed 
by restrengthening during deceleration. (ii1) Most 
ELSE runs (48 out of 66 experiments) displayed 
substantial dynamic weakening (9) that primar- 
ily depends on E¢ (tables S3 and S4). Five runs 
with Ec < 0.001 m did not slip, four runs with 
Ec < 0.03 m slipped but did not reach weaken- 
ing, and nine runs displayed negligible weaken- 
ing. (iv) SWG samples loaded by Ec > 0.1 m 
displayed high-frequency stick-slip behavior; this 
mode was less common in KD samples. (v) The 
total slip distance, D, and the Coulomb energy 
density are related by Ec = 0.605 x D®°**? for 
both granite and dolomite experiments, over al- 
most four orders of magnitude (Fig. 3A). 

This strength evolution in ELSE runs is similar 
to strength evolution in earthquake models (Fig. 
1C), stick-slip experiments (Fig. 1B), variable-rate 
experiments (0), and seismic analyses (Fig. 1D). 
To test this similarity, we assumed that the measured 
slip in ELSE experiments is equivalent to the aver- 
age slip, D, during an earthquake. Then, we used 
empirical relationships (//) between the moment 
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magnitude (M,,) and D, to find that ELSE (D = 
0.003 to 4.6 m) corresponds to earthquakes in the 
range M,, = 4 to 8 (upper axis, Fig. 3A). Further, 
two other experimental parameters—peak velocity 
(1 m/s) and rise time (0.1 to 10 s) (Fig. 3A)—have 
values similar to the equivalent parameters of earth- 
quakes (2). It appears that ELSE runs are similar 
to earthquakes in three ways: (i) a finite amount 
of stored energy; (ii) fault strength evolution pat- 
tern (Figs. 1D and 2); and (ili) seismically ob- 
served values, such as average slip, peak velocity 
and rise time (Fig. 3A). We propose that ELSE 
tests are experimental proxies for fault-patch be- 
havior during earthquakes of M,, = 4 to 8 and 
now apply ELSE results to the questions of total 
earthquake energy and weakening distance (9). 
To examine whether the experimental Ec¢ is 
a reasonable estimate of the total earthquake en- 
ergy, we compared experimental E¢ to the break- 
down (or fracture) energy (EG) of six earthquakes 
(2) of M,, = 5.6 to 7.2 (9) (table S2). Breakdown 
energy is only a fraction of the total earthquake 
energy (2, 6, 9). As we did with our representa- 
tion of Ec, we divide the seismic Eg by the cor- 
responding o, (9), and the E,/o, values are 
plotted with respect to their slip distance (ver- 
tical lines, Fig. 3A). Most (9 out of 11) of seismic 
Eg/6, values are small fractions (0.005 to 0.07) 
of the energy density of ELSE, as expected for 
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Fig. 3. Energy, slip distance, and frictional strength in ELSE. (A) Experimental 
Coulomb energy density, slip time, and total slip distance (D); solid line 
calculated for SWG and KD runs; upper x axis is the equivalent M,, of ELSE 
runs. Thin, vertical black lines are the seismically determined breakdown 
energy, Eg/c,, of six earthquakes (2, 9). (B) Frictional strength and slip velocity 
in ELSE experiments with SWG samples; note fast weakening at V > 0.1 m/s 
with friction drop of 0.1 to 0.3 per 0.1 m/s. (C) Frictional strength and slip 
velocity in steady-state experiments (8) with the same samples. 
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fracture energy (6, 9, 12, 13). The energy bud- 
get measured locally on a fault patch does not 
include radiated energy (4), and radiated energy 
is generally considered small compared with dis- 
sipated energy. We thus speculate that the exper- 
imental Coulomb energy density, Ec = 0.605 x 
D°°?, provides a reasonable estimate of total 
earthquake energy, a quantity that cannot be de- 
termined from seismic data (2, 4). 

We now consider slip-weakening distance, dc, 
(Fig. 1, C and D). In friction experiments, dc 
ranges from microns in direct shear (3, 6, 7) to 
meters in rotary shear (8, 70, 14, 15). We iden- 
tified dc as the first slope break of the strength- 
displacement curve (Fig. 2, C and D). The 49 
ELSE runs that display substantial dynamic weak- 
ening reveal dc with mean values of 2.7 and 
1.2 cm for SWG and KD, respectively. We attri- 
bute these dc values, which are smaller than in 
most other rotary tests, to ELSE loading style. The 
fault patch in ELSE is abruptly loaded by engag- 
ing the spinning flywheel through a fast-acting 
clutch, and this impact loading profoundly affects 
the patch response. In ELSE runs with SWG sam- 
ples (Fig. 3B), the frictional strength is 0.6 to 0.8 
for V < 0.1 m/s, and it drops sharply to as low as 


u = 0.2 for V> 0.1 m/s. In contrast, our constant- 
velocity, steady-state experiments (8) (Fig. 3C) 
exhibit strikingly different friction-velocity relations. 
Because both sets of experiments were conducted 
on the same rock samples, the dissimilarity is at- 
tributed solely to the different loading mode, as 
already observed by (/0). We further noted that 
fault strength and wear rate (9) evolve systemat- 
ically with slip acceleration: A close correlation ex- 
ists between the evolutions of acceleration (blue), 
strength (red), and wear rate (black) (Fig. 4 and 
figs. S7 and S8). In addition, dynamic weaken- 
ing is restricted to the period of intense accelera- 
tion (up to 25 m/s* during ~0.1 s) (Fig. 4, A and 
B, and figs. S9 and S10), and dc 1s reached within 
the initial acceleration spike. 

The above relations of acceleration and weak- 
ening distance were previously observed in stick- 
slip (3) (Fig. 1B) and rotary-shear experiments 
(9, 10, 16, 17) (fig. S5). The constitutive relations 
between acceleration, velocity, and critical distance 
were derived with the cohesive-zone model (3, 18), 
which assumes that the extreme acceleration and 
stress at the tip of a propagating shear rupture leads 
to fault breakdown. ELSE results fit well the con- 
stitutive relations predicted by the cohesive-zone 


model (9) (Fig. 4C). Stick-slip and ELSE experi- 
ments (elastic versus kinetic energy) fit the same 
theoretical model, which suggests that the accel- 
eration effect does not depend on details of the 
loading system. 

What is the mechanism of cohesive-zone break- 
down? Experimental stick-slip events (3) display 
intense acceleration (<4 km/s’), which induces 
extreme strain rates (~10* s"') that increase rock 
brittleness and fragmentation (/9, 20). These 
processes temporarily intensify fault wear as 
manifested by high initial wear rates of 107 to 
10° um/n (Fig. 4 and figs. S9 and S10). This in- 
tense wear generates a layer of fine-grain powder 
(gouge) (8, 10, 16) that reduces the fault strength by 
powder lubrication (8, 14, 20, 21). Thus, slip- 
acceleration speeds up fault wear and gouge for- 
mation and by doing so quickens weakening and 
shortens dc. Yet, the accelerated weakening does 
not change the steady-state friction (/5). Accel- 
erated weakening is likely to be active in earth- 
quakes where fault patches are accelerated by the 
rupture front (Fig. 4C). 

It is generally accepted that earthquake dy- 
namic weakening is determined by slip distance 
and slip velocity (2-5, 8, 14-16). We experimen- 
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Fig. 4. Slip acceleration (blue), strength evolution (red), and fault wear 
rate (black) during the first 0.5 s of slip in SWG sample (A) and KD sample 
(B) (9). (C) Acceleration-velocity-d¢ relations according to the cohesive-zone 


model (3, 9). The inclined lines indicate the expected dc (9); the projected 
ELSE data (red points) fall in the dc = 1 to 10 cm range that fits the 
experimental range of dc = 0.3 to 9.2 cm. 
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tally demonstrated that slip acceleration quickens 
fault weakening, and, in light of the transient na- 
ture of earthquake slip (/—3), we propose that slip 
acceleration controls seismic weakening in addi- 
tion to slip distance and slip velocity. 


References and Notes 

1. T. H. Heaton, Phys. Earth Planet. Inter. 64, 1 (1990). 

2. E. Tinti, P. Spudich, M. Cocco, J. Geophys. Res. 110, 
B12303 (2005). 

3. M. Ohnaka, T. Yamashita, J. Geophys. Res. 94, 4089 
(1989). 

4. H. Kanamori, L. Rivera, in Earthquakes: Radiated 
Energy and the Physics of Faulting, R. E. Abercrombie, 
A. McGarr, G. Di Toro, H. Kanamori, Eds. (AGU, 
Washington, DC, 2006), pp. 3-13. 

5. D. J. Andrews, J. Geophys. Res. 110, B01307 (2005). 

6. D. A. Lockner, P. G. Okubo, j. Geophys. Res. 88, 4313 
(1983). 


7. P. G. Okubo, J. H. Dieterich, Geophys. Res. Lett. 8, 887 
(1981). 
8. Z. Reches, D. A. Lockner, Nature 467, 452 (2010). 
9. Materials and methods are available on Science Online. 
10. H. Sone, T. Shimamoto, Nat. Geosci. 2, 705 (2009). 
11. D.L. Wells, K. J. Coppersmith, Bull. Seismol. Soc. Am. 84, 
974 (1994). 

12. D. L. Olgaard, W. F. Brace, /nt. J. Rock Mech. Min. Sci. 
20, 11 (1983). 

13. B. Wilson, T. A. Dewers, Z. Reches, J. Brune, Nature 434, 
749 (2005). 

14. R. Han, T. Hirose, T. Shimamoto, J. Geophys. Res. 115, 
B03412 (2010). 

15. A. Niemeijer, G. DiToro, S. Nielsen, F. Di Felice, 
J. Geophys. Res. 116, BO7404 (2011). 

16. D. L. Goldsby, T. E. Tullis, Science 334, 216 (2011). 

17. E. Fukuyama, K. Mizoguchi, /nt. J. Fract. 163, 15 
(2010). 

18. M. Ohnaka, J. Geophys. Res. 108, 2080 (2003). 

19. D. E. Grady, M. E. Kipp, J. Appl. Phys. 58, 1210 (1985). 


REPORTS 


20. Z. Reches, T. A. Dewers, Earth Planet. Sci. Lett. 235, 361 
(2005). 

21. E. Y. A. Wornyoh, V. K. Jasti, C. F. Higgs Ill, J. Tribol. 129, 
438 (2007). 


Acknowledgments: We thank J. Young, J. Fineberg, and 

E. Aharonov, and T. Shimamoto and two anonymous reviewers 
for their thoughtful reviews. This work was supported by 
NSF Geosciences awards 0732715 and 1045414 and 
NEHRP2011 award G11AP20008. 


Supplementary Materials 
www.sciencemag.org/cgi/content/full/338/6103/101/DC1 
Materials and Methods 

Supplementary Text 

Figs. $1 to $10 

Tables $1 to $4 

References (22-36) 


28 February 2012; accepted 14 August 2012 
10.1126/science.1221195 


The Efficacy of Student-Centered 
Instruction in Supporting 


Science Learning 


E. M. Granger,’* T. H. Bevis,? Y. Saka,” S. A. Southerland,? V. Sampson,? R. L. Tate* 


Transforming science learning through student-centered instruction that engages students in a 
variety of scientific practices is central to national science-teaching reform efforts. Our study 
employed a large-scale, randomized-cluster experimental design to compare the effects of 
student-centered and teacher-centered approaches on elementary school students’ understanding 
of space-science concepts. Data included measures of student characteristics and learning and 
teacher characteristics and fidelity to the instructional approach. Results reveal that learning 
outcomes were higher for students enrolled in classrooms engaging in scientific practices through 
a student-centered approach; two moderators were identified. A statistical search for potential 
causal mechanisms for the observed outcomes uncovered two potential mediators: students’ 
understanding of models and evidence and the self-efficacy of teachers. 


teaching and learning has been the focus 

of several recent policy and economic re- 
ports (J, 2). Research as synthesized by the Na- 
tional Research Council suggests that the goal of 
science instruction should be to help students 
develop four aspects of scientific proficiency, the 
ability to (i) know, use, and interpret scientific 
explanations of the natural world; (ii) generate 
and evaluate scientific evidence and explanations; 
(iii) understand the nature and development of 
scientific knowledge; and (iv) participate produc- 
tively in scientific practices and discourse (3—5). 
This approach to science teaching will require a 
shift from the teacher-centered instruction com- 
mon in science classrooms to more student-centered 
methods of instruction. The defining feature of 


T=: need for a different approach to science 
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these instructional methods is who is doing the 
sense-making. In teacher-centered instruction, 
the sense-making is accomplished by the teacher 
and transmitted to students through lecture, text- 
books, and confirmatory activities in which each 
step is specified by the teacher. In these class- 
rooms, the instructional goal is to help students 
know scientific explanations, which is only part 
of the first aspect of scientific proficiency. In 
student-centered instruction, the sense-making rests 
with students, and the teacher acts as a facilitator 
to support the learning as students engage in sci- 
entific practices (3). 

The effectiveness of student-centered instruc- 
tion in helping students develop scientific pro- 
ficiency is supported by a number of largely 
small-scale, narrowly focused studies (3, 5). De- 
spite accumulating support for a student-centered 
approach, few large-scale studies have evaluated 
the effectiveness of such instruction, and their 
results, taken as a whole, are contradictory and 
inconclusive (6—/3). The same is true of only 
randomized-cluster or quasi-randomized studies 
examined separately (6, //, 14, 15). Many factors 
may contribute to the varied results, because 


tightly controlling potentially influential variables 
is difficult in classroom settings. One central fac- 
tor is that the comparison condition (i.e., control 
group) is often “undefined or assumed to be 
“traditional” (14). Likewise, possible “contami- 
nation of the untreated teachers” and cases where 
investigators did not “vigorously guard” against 
special resource materials may have influenced 
results (13). Indeed, many studies described in 
the literature do not discuss how fidelity to the 
curriculum or instructional approach was mea- 
sured or whether it was assessed. 

We therefore compared the effectiveness of 
student-centered with teacher-centered instruc- 
tion using a randomized-cluster experimental de- 
sign, intended to control as many variables as 
possible given the inherent differences between 
the two instructional approaches. Specifically, the 
effectiveness of the student-centered Great Ex- 
plorations in Math and Science Space Science 
Curriculum Sequence (SSCS) (/6) and profes- 
sional development of teachers focused on these 
materials (treatment group) was compared with 
that of a teacher-centered curriculum (district- 
adopted textbook) enacted with a teacher-centered 
approach (control group). For details of each cur- 
riculum, teacher professional development, and 
instructional approach, see the supplementary ma- 
terials. Mindful of limits on securing meaningful 
data imposed by testing the age group for whom 
SSCS is appropriate (fourth and fifth grades), we 
selected four student outcomes aligned with the 
four aspects of scientific proficiency for this re- 
search: space science content knowledge, knowl- 
edge about models and evidence in science, views 
of scientific inquiry, and attitude toward science. 
The research was designed to (1) compare the 
effectiveness of the two instructional approaches 
in supporting elementary students’ science learn- 
ing; (11) identify teacher characteristics (teacher 
moderating variables) that might influence the 
learning; (iii) identify those for whom this instruc- 
tional approach might work (student moderating 
variables); and (iv) identify how the treatment 
might indirectly affect student outcomes (mediat- 
ing variables). 


www.sciencemag.org SCIENCE VOL 338 5 OCTOBER 2012 


105 


Downloaded from www.sciencemag.org on October 5, 2012 


REPORTS 


106 


Data were collected from 125 fourth- and 
fifth-grade classrooms. Randomization occurred 
at the level of assignment of teachers to treatment 
or control group; control and treatment groups 
were matched according to grade level, socio- 
economic status (SES), school statewide assess- 
ment performance, and student ethnic diversity. 
Student demographics were collected (table S1). 
Contexts included urban, suburban, and rural 
and high- and low-SES schools; 2594 students 
participated—1418 in the classrooms of 66 treat- 
ment teachers and 1176 in the classrooms of 59 
control teachers (for details, see the supplemen- 
tary materials). Student conceptual development 
and affective dimensions were assessed by means 
of four instruments: (i) Space Science Content 
Test (17); (ti) Homerton Science Attitudes Sur- 
vey (18); (iii) Models and Evidence Question- 
naire (19); (iv) Views of Scientific Inquiry (VOSI) 
Elementary Version Questionnaire (20). Both 
groups were assessed immediately before the 
unit, immediately after the unit, and 5 months + 
2 weeks after the unit (see the supplementary ma- 
terials for test and scoring details). Each teacher’s 
fidelity to the assigned teaching approach was 
assessed with the Reformed Teacher Observa- 
tion Protocol (RTOP) (2/) two to three times dur- 
ing the unit. RTOP is a measure of the degree to 
which lesson enactment is aligned with student- 
centered science instruction. To help identify 
potential teacher moderators, we also assessed 
teachers’ space-science content knowledge, sci- 
ence attitudes, views of scientific inquiry, self- 
efficacy, and beliefs about science teaching before 
and after their participation in the project. 

Multilevel (hierarchical linear) modeling was 
used to estimate the SSCS’s effects with moder- 
ation and to account for interdependencies of 
student outcomes within teachers (22, 23). Each 
student outcome was reflected in two measures, 
the postmeasure and delayed postmeasure. Po- 
tential explanatory variables for each outcome 
included (i) pretest measure; (il) treatment vari- 
able (SSCS or control); (iii) teacher cohort (year 
1 or 2); (iv) grade level (4 or 5); (v) interactions 
among the treatment, cohort, and grade variables; 
(vi) teacher years of experience; (vii) preassess- 
ments of teacher outcomes; (viii) student ethnic- 
ity; (ix) student SES, based on participation in the 
free or reduced lunch program (FRL); (x) student 
gender; and (xi) primary language of the student. 
Inspection of bivariate correlations and backward 
elimination processes produced the final models. 
Special attention was given to the possibility of 
interactions involving student and teacher mod- 
erators. Multilevel mediation models addressed 
the question of how the treatment might indi- 
rectly affect student outcomes (mediating varia- 
bles) by two analytic approaches: an application 
of multilevel modeling based on separate models 
for each of the variables explained by the model 
and a simultaneous solution by multilevel path 
analysis (24). Positive mediation results should 
be considered as evidence that the data are con- 
sistent with the hypothesized mediation. To com- 


pare effect sizes for outcomes with different scales, 
we also present effects in standardized form [0.2 is 
small, 0.5 medium, and 0.8 large (25)] but note 
that a small effect should not be interpreted as 
trivial (15, 25). The VOSI outcome could not be 
similarly standardized, because it is an ordered 
binary variable with two levels. For VOSI, a non- 
linear version of multilevel modeling describes 
effects as an odds ratio (i.e., the odds of SSCS 
students giving a response coded as “‘transitional/ 
informed” rather than “naive” divided by the odds 
of control students doing so); a ratio of 1.1 is at the 
threshold of practical importance. (See the supple- 
mentary materials for details of statistical analysis.) 

Average RTOP scores for SSCS teachers were 
27.3 points (out of 100) higher than those of con- 


trol teachers, a statistically significant difference 
(P = 0.001); groups overlapped only modestly, 
indicating that the two instructional approaches 
were implemented with fidelity. To examine within- 
group RTOP effects, we transformed total RTOP 
scores to within-group deviation scores. For each 
student outcome for which the SSCS effect was 
statistically significant (content knowledge, mod- 
els and evidence, and VOSI) (see Table 1), the 
effect of the RTOP deviation score was positive 
and statistically significant (P = 0.002 to 0.017). 
That is, after the SSCS treatment effect was con- 
trolled for, the RTOP deviation score could be 
considered as a “dosage” variable within each 
group resulting in an increase in student outcomes. 
This finding suggests that student engagement in 


Table 1. SSCS total effects for student outcomes. OR, odds ratio. 


Guaeome Unstandardized P Standardized 
effect effectT 
Posttest outcome 
Content knowledget 0.488* 0.002 0.171* 
vosis§ 0.464* 0.002 OR = 1.59 
Models and evidence 
No FRL 0.354* <0.001 0.682* 
FRL 0.261* <0.001 0.503* 
Attitude toward science 0.009 0.753 0.014 
Delayed posttest outcome 
Content knowledget 0.187 0.193 0.067 
vosi|| 0.333* 0.015 OR = 1.40 
Models and evidence 0.285* <0.001 0.573* 
Attitude toward science 0.020 0.530 0.029 


*Statistically significant, with a family-wise error rate of 0.10 (i.e., for a test family of four post-outcomes or four delayed post- 


outcomes, P < 0.10/4 = 0.025). 
coefficients by the outcome standard deviations. 
removed. 


For all outcomes except VOSI, standardized effects were obtained by division of raw-score SSCS 
fResults are from a sample from which one extreme outlier was 
||The student variable of VOSI is dichotomous. The associated unstandardized SSCS effect is the SSCS coefficient 


in a model for the log odds (logit) of the outcome, and the standardized SSCS effect is the OR for the transitional/informed 


outcome. 


Fig. 1. Mediation model 
for student posttest con- 
tent knowledge, with path 


Teacher Level 


significant at the 0.05 lev- 
el; NS, not significant; TSE 
pre, teacher pretest self- 
efficacy; TSE post, teacher 
posttest self-efficacy; ME 
pre, student pretest mod- 


TSE pre 


3.27* - 0.799*TSE pr 


els and evidence; ME post, 
student posttest models SSCS 
and evidence; CK pre, pre- 
test student content knowl- 
edge; CK post, posttest 
student content knowledge. 
ME pre 
CK pre 


Student Level 


0.767* - 0.799*SSCS 
coefficients indicated. *, if 


TSE post 


0.355* 


- 0.067 (NS) 


CK post 
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learning (student-centeredness), as indicated by 
RTOP scores, is a feature of more effective teaching. 

Table 1 summarizes estimated total effects of 
the SSCS curriculum on student post- and delayed 
posttest outcomes, including student-level mod- 
erators. When a family-wise error rate of 0.10 
was controlled for, students in the SSCS group 
scored significantly higher than control students 
on content-knowledge, models-and-evidence, and 
VOSI posttest outcomes. For delayed posttests, 
the SSCS group remained significantly higher for 
VOSI and models and evidence. For content- 
knowledge and models-and-evidence outcomes, 
the standardized effect magnitudes were ~0.2 and 
0.7, respectively. The odds ratio representing the 
SSCS effect for the VOSI outcome was 1.59; that 
is, the odds of SSCS students giving transitional/ 
informed responses were 1.59 times greater than 
those for control students. Interpreting the results 
of the content-knowledge delayed posttest requires 


accounting for factors potentially affecting it; fore- 
most is the timing, which placed these assessments 
within about 2 weeks of statewide assessments 
and all their concomitant drill and practice in 
both treatment and control classrooms. The large 
size (25) and persistence of the models-and- 
evidence and VOSI outcomes are notable. 

Only one student characteristic, SES, mod- 
erated the SSCS effect on one posttest outcome, 
models and evidence (Table 1). Although the two 
SES groups differed in achievement, both high- 
and low-SES students in the treatment group 
performed better than did students in the control 
group. This difference between the groups in the 
SES achievement gap disappeared by delayed 
posttesting. This result is consistent with a wide 
body of research that indicates that students from 
low-SES groups initially need more support to 
participate in the practices of science (here, using 
models and evidence) (6, 1/, 26). 


0.5 -— 

0.4 -— 

0.3 [— Total effect = Total indirect effect (both paths) 
L [ va Indirect through ME post 
® 0.2 — fi 
Sk i 
” 
O 014 -— 
Qo L 

uf 
O)0) jaa es esi se an ec a: 
L Indirect through TSE post 
-0.1 -— 
0.2 | | | | | 
2.5 3.0 3.5 4.0 4.5 5.0 
TSE pre 


Fig. 2. Standardized effects of SSCS on the student posttest content knowledge outcome. Abbreviations 


as in Fig. 1. 


Fig. 3. Mediation model Teacher Level 
for posttest VOSI, with path 
coefficients indicated. Mod- 
el is for the log odds (logit) 
of student posttest VOSI. *, 
significant at the 0.05 level; 
VOSI pre, pretest student 
VOSI; VOSI post, posttest 
student VOSI; other abbre- 


viations as in Fig. 1. 


SSCS 


ME pre 


VOSI pre 


Student Level 


VOSI post 
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Only one teacher characteristic, pretest self- 
efficacy, moderated one student posttest outcome, 
content knowledge. Self-efficacy, a well-researched 
construct (see the supplementary materials for more 
details), is defined as a teacher’s “judgement of 
his or her capabilities to bring about desired 
outcomes of student engagement and learning” 
(27). The SSCS effect was positive and large 
for low values of teacher pretest self-efficacy 
but decreased as teacher pretest self-efficacy in- 
creased (table S2). That is, students in classrooms 
of teachers who had low teaching self-efficacy 
at the outset of the study showed a statistically 
significant increase in their posttest content- 
knowledge scores, whereas students in classrooms 
with teachers who had high initial self-efficacy 
did not. Much research has examined how teach- 
ers’ knowledge, attitudes, and beliefs about their 
abilities shape and are shaped by their classroom 
experiences [e.g., (28)]; our results suggest that 
teachers’ underlying beliefs, such as self-efficacy, 
might influence the overall effectiveness of a 
student-centered curriculum. No teacher modera- 
tors were apparent in the delayed posttest results. 

A search for possible indirect mechanisms by 
which the treatment produced its effects on post- 
test student outcomes resulted in two mediation 
models. In the first (Fig. 1), both teacher self- 
efficacy and student models-and-evidence varia- 
bles mediate the SSCS effect on the student 
posttest content-knowledge outcome. Indices in- 
dicated a good fit of this model to the data. The 
indirect effect mediated by the teacher posttest 
self-efficacy measure varied with the level of its 
pretest measure, being positive and large for low 
values of teacher pretest self-efficacy but decreas- 
ing with increasing levels of the teacher pretest 
self-efficacy. The indirect effect mediated by student 
posttest models and evidence was positive, con- 
stant, and relatively strong. In this model, the es- 
timated direct effect of the SSCS treatment on 
student achievement was not statistically signif- 
icant, so the total effect consisted entirely of the 
indirect effects of teacher self-efficacy and student 
understanding of models and evidence. The re- 
sults of this analysis therefore suggest that the 
two mediators influence the student content- 
knowledge outcome somewhat equally in class- 
rooms taught by teachers with lower self-efficacy 
at the beginning of the project, but the posttest 
models-and-evidence outcome was the only sig- 
nificant mediator in classrooms taught by teach- 
ers who began the project with relatively high 
levels of self-efficacy (Fig. 2). (See the supple- 
mentary materials for more details.) 

These results suggest that an emphasis on 
models and evidence supports students’ learning 
about space-science content. The models-and- 
evidence instrument was not designed to assess 
knowledge about models separately from knowl- 
edge about evidence, so their individual influ- 
ences cannot be separated. SSCS students explicitly 
learned about the nature of both models and 
evidence in science, as did control-group students, 
but SSCS students further engaged in activities in 
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which they used and evaluated models. They also 
were required to provide explicit evidence that 
supported new science concepts throughout the 
curriculum, including activities in which they used 
evidence to support their arguments about sci- 
entific explanations. Experience with models and 
evidence is therefore supported as underpinning 
content-knowledge learning. 

In the second mediation model, the models- 
and-evidence outcome mediates the SSCS effect 
on views of scientific inquiry (Fig. 3). This indi- 
rect effect was somewhat smaller than the direct 
effect of SSCS, but the odds ratio of 1.21 for the 
indirect path was nevertheless large enough to be 
of practical importance. The results of this anal- 
ysis suggest that the emphasis on models and 
evidence supports students’ learning about the 
endeavor of science. 

These findings should also be considered in 
light of the contradictory results of the previous 
large-scale studies on the effects of student- 
centered instruction. In contrast to the common 
research practice of comparing the treatment group 
to a control group in which the instructional ap- 
proach is not specified (i.e., to whatever else is 
present in schools), our research design tightly 
controlled the curriculum and instructional approach 
employed by the treatment and control groups. 
Further, fidelity was monitored through classroom 
observations and assessed with RTOP. We argue 
that this attention to the control group and our ef- 
forts to monitor fidelity within both groups sets our 
study apart from others, and the failure to identify 
central components of the control group may ac- 
count for the contradictory nature of previous results. 

The increased outcomes of the treatment group 
in comparison with the control group in content 
knowledge, models and evidence, and VOSI and 
the size and persistence of the latter two indicate 
that student-centered instruction supports the de- 
velopment of students who are more proficient in 
the four strands of scientific proficiency. More 
specifically, the mediation models suggest that 
student-centered instruction that engages students 
in scientific practices such as using models and 
evidence is important for developing more scientif- 
ically proficient students. Taken together, the results 
of our study lend empirical support to the view 
put forth by the National Research Council that 
“teaching content alone is not likely to lead to 
proficiency in science, nor is engaging in inquiry 
experiences devoid of meaningful science content. 
In current practice, content and an oversimplified 
view of scientific processes are often the primary 
or even sole foci of instruction. ..[and] leads to a 
very impoverished understanding of science and 
masks the complex process involved in developing 
scientific evidence and explanations” [(3), p. 335)]. 
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Wnt5a Potentiates TGF-f Signaling 
to Promote Colonic Crypt Regeneration 


After Tissue Injury 


Hiroyuki Miyoshi,” Rieko Ajima,2* Christine T. Luo,* 
Terry P. Yamaguchi,”+ Thaddeus S. Stappenbeck*t+ 


Reestablishing homeostasis after tissue damage depends on the proper organization of stem 
cells and their progeny, though the repair mechanisms are unclear. The mammalian intestinal 
epithelium is well suited to approach this problem, as it is composed of well-delineated units called 
crypts of Lieberkiihn. We found that Wnt5a, a noncanonical Wnt ligand, was required for crypt 
regeneration after injury in mice. Unlike controls, Wnt5a-deficient mice maintained an expanded 
population of proliferative epithelial cells in the wound. We used an in vitro system to enrich 
for intestinal epithelial stem cells to discover that Wnt5a inhibited proliferation of these cells. 
Surprisingly, the effects of Wnt5a were mediated by activation of transforming growth factor—fB 
(TGF-B) signaling. These findings suggest a Wnt5a-dependent mechanism for forming new crypt 


units to reestablish homeostasis. 


issue regeneration requires proper spa- 
tial allocation and organization of stem 
cells for efficient return to homeostasis 
(/, 2). Crypts of Lieberkiihn are subunits that 
house intestinal stem cells and are lost in re- 
sponse to a variety of insults, including ischemia, 
infection, irradiation, and inflammatory bowel 
disease (3). Although individual crypts undergo 


fission to replicate during homeostasis (fig. S1A) 
(4, 5), the mechanism of their regeneration is un- 
known. Thus, crypt regeneration is a proxy for 
proper stem cell organization and provides an ex- 
cellent system to uncover the principles underlying 
stem cell replacement and/or organization in vivo. 

To model crypt/epithelial stem cell loss, we 
previously developed an injury system to focally 
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excise crypts from the absorptive inner lining of 
the mouse colon (6). In response to the excision 
of ~1-mm” areas from the inner lining of mouse 
colons (~250 to 300 crypts), a reproducible pro- 
gram of epithelial alteration occurred. During 
the first phase (0 to 4 days postinjury), a flattened 
layer of nonproliferative epithelial cells [wound- 
associated epithelial (WAE) cells] emanated from 
crypts adjacent to the wound and migrated over 
the wound-bed surface. During the second phase 
(4 to 8 days postinjury), crypts adjacent to the 
wound formed lateral, open extensions toward 
the center of the wound bed, forming an array of 
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channel-like structures (fig. S1, B and C). His- 
tologic cross sections of wound channels at day 
6 postinjury showed that they resembled crypts 
(Fig. 1A) but were distinguished by a predom- 
inately proliferative, undifferentiated cell popu- 
lation (Fig. 1B and fig. S1, D and E) (7). 

We hypothesized that new crypts within 
wounds arose from existing crypts adjacent to the 
wound bed (6). Therefore, we used Vil-CreERT: 
Gtrosa26""'" (Rosa26R) mice to perform lineage- 
tracing experiments (see the supplementary ma- 
terials and methods) (8, 9). To mark a subset of 
rypts before injury, we activated Cre recombinase 
in the intestinal epithelium with a single tamoxifen 
injection, followed by a 1-week delay. Four days 
postinjury in these mice, coherent columns of LacZ- 
positive WAE cells emanated from adjacent crypts 
toward the wound center (Fig. 1C and fig. S2A) 
(6). At day 8 postinjury, distinctive LacZ-positive 
epithelial channels emanated from adjacent crypts 
toward the center of the wound (Fig. 1, C and D, 
and fig. S2A). At later time points (14 and 28 days 
postinjury), clusters of LacZ-positive crypts were 
located within the original wound-bed site (Fig. 1, 
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C and E). Sections of these LacZ-positive crypts 
showed a return to homeostasis; differentiated 
epithelial cells (i.e., goblet cells) were present in 
the upper crypt, similar to crypts in nonwounded 
areas (fig. S2B). These experiments showed that 
new colonic crypts can originate from crypts ad- 
jacent to the wound site and suggest that epithelial 
stem cells migrated through distinctive channels 
to enter the wound bed (fig. S2C). 

At day 6 postinjury, we readily observed mul- 
tiple invaginations of wound channels, suggesting 
that multiple fission events occurred to produce 
new crypts (Fig. 1A). Comparison of transcript 
abundance (/0) of budding wound channels 
(day 6 postinjury) to crypts in uninjured areas 
showed that the wound-channel epithelium con- 
tained highly proliferative cells (fig. S3A) en- 
riched in Wnt signaling transcripts (canonical and 
noncanonical combined) (fig. S3, A and B). As 
canonical Wnt signaling is critical for intestinal 
stem cell homeostasis (//—/4) and noncanonical 
Wnt signaling plays a role in intestinal develop- 
ment (/5), we screened expression of 19 Wnt 
ligands and 4 R-spondin coactivators by reverse 


Fig. 1. Colonic crypts regenerate from existing crypts during injury re- 
pair. (A) A hematoxylin and eosin (H&E)—stained section of a wound at day 
6 postinjury. The asterisk indicates the center of the wound bed; the ar- 
rowhead indicates a wound channel that consists of immature epithelial 
cells (boxed region, see inset). Crypts distant from the wound site are rep- 
resented in the panel labeled “Uninjured area.” Scale bars, 200 um. (B) 
Sections stained for Ki-67 (brown) to label proliferative cells at various 
time points after biopsy injury. An arrowhead labels the wound channel at 
day 6 postinjury. Scale bars, 100 um. n = 3 wounds per time point for (A) 
and (B). (C) Migration of clonal cell populations from labeled crypts after 


wounding in Vil-CreERT: Rosa26R mice. Cells expressing LacZ were visu- 
alized by the staining with 5-bromo-4-chloro-3-indolyl-B-p-galactoside. 
Dotted lines outline the original wound area. Scale bars, 200 um. (D) A 
H&E-stained section of a wound at day 8 postinjury in a Vil-CreERT: Rosa26R 
mouse. LacZ-positive cells (blue) were present in a wound channel (arrow- 
head; see inset). The wound bed is delineated by a bracket. Scale bar, 200 jum. 
(E) A H&E-stained section of a wound at day 28 postinjury in a Vil-CreERT: 
Rosa26R mouse shows clusters of LacZ-positive crypts in the wound bed 
(shown by the bracket). Scale bar, 200 um. n = 6 wounds per time point for 
(CQ), (D), and (E). 


www.sciencemag.org SCIENCE VOL 338 5 OCTOBER 2012 


109 


Downloaded from www.sciencemag.org on October 5, 2012 


REPORTS 


110 


transcription polymerase chain reaction (RT-PCR) 
(fig. S3C). Interestingly, mRNAs encoding the 
noncanonical Wnt ligand WntSa were significantly 
enriched in the wound bed compared with the 
adjacent uninjured mucosa (Fig. 2, A and B, 
and fig. S3, D and E). 

Noncanonical Wnts expressed in undifferen- 
tiated mesenchymal cells affect tissue regener- 
ation in hydra and zebrafish (/6, /7). Similarly, 
in situ hybridization showed an expanded pop- 
ulation of Wnt5a-positive stromal cells in the 
colonic wound bed (Fig. 2C and fig. S4) com- 
pared with uninjured mucosa (Fig. 2C) (/8). Im- 
portantly, a subpopulation of WntSa-positive cells 
localized near wound channels. Similar to other 


injury models, the Wnt5a-positive stromal cells 
in the colonic wound bed did not express mark- 
ers of differentiation including o-smooth muscle 
actin (myofibroblasts) or B-catenin (endothelial 
cells) (fig. S5, A and B). We noted an additional 
subpopulation of Wnt5a-positive cells beneath 
the mucosal wound bed in the serosal area (fig. 
S6A). During development, one potential source 
of undifferentiated stromal progenitor cells in 
the mouse intestine is mesothelial cells that form 
the serosa (the outer surface of the intestinal tube) 
(19). We performed a genetic lineage tracing ex- 
periment for mesothelial cells using WT10“*”: 
Rosa26R mice (20). Tamoxifen injection acti- 
vates Cre recombinase in mesothelial cells that, 


in turn, marks these cells by LacZ. A population 
of WntS5a-positive cells was derived from these 
WT1-marked cells at day 6 postinjury (fig. S6, 
B to E), suggesting that WntSa-positive cells are 
partly derived from mesothelial cells. 

We next examined the association of WntSa- 
positive cells with wound-channel epithelial cells. 
During injury repair, wound channels were com- 
posed of an expanded population of proliferative 
(Ki-67-positive), canonical Wnt-active (Axin2- 
positive) (2/) epithelial cells. Notably, WntSa- 
positive cells localized to clefts at the base of 
wound channels, suggesting areas of nascent 
crypt formation (Fig. 2D). In addition, WntSa- 
positive cells were also located adjacent to 
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Fig. 2. Wnt5a-positive mesenchymal cells stimulate crypt regeneration after 
injury. (A) RT-PCR analysis of Wnt5a from RNAs isolated from an embryonic day 
13.5 embryo and its placenta tissue (controls), the wound bed, and adjacent 
uninjured mucosa. Gapdh, glyceraldehyde-3-phosphate dehydrogenase. (B) 
Plots of mean (+SD; error bar) relative Wnt5a mRNA expression levels as 
determined by quantitative RT-PCR analysis of wound beds and adjacent 
uninjured mucosa at day 4 postinjury. Data were analyzed using the Student's 
t test (n = 4 wounds per group). (C) Mouse colon sections at day 6 postinjury 
(uninjured area and wound) stained by in situ hybridization for Wnt5a (purple) 
and hyaluronic acid (basement membrane, brown). Dotted lines outline the 
apical epithelial surface. Scale bars, 100 um. (D) Serial sections of uninjured 
area and a colonic wound at day 6 postinjury stained for Wnt5a and Axin2 
mRNA, respectively. Arrowheads indicate Wnt5a-positive cells associated 
with wound-channel clefts (insets). Methyl green labeled nuclei are shown. 
Scale bars, 100 um. (E) Serial sections of a colonic wound channel at day 6 
postinjury stained for Wnt5a mRNA (top) and Ki-67 (bottom). Wnt5a-positive 
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cells (arrowheads) were localized near quiescent epithelial cells. Sections were 
counterstained with nuclear fast red (top) and hematoxylin (bottom). Scale bars, 
100 jum. n = 3 wounds per assay. (F) Sections from a CAGGCreER™:WntSa"* 
(Wnt5a*’*) mouse and a CAGGCreER™ :Wnt5a""* (Wnt5a’”°) mouse at day 6 
postinjury stained by H&E. Arrowheads indicate wound-channel invaginations. 
The arrow indicates an immature wound channel without invaginations. Scale 
bars, 200 um. (G) Graph of the average distance between wound-channel 
invaginations (SD) (n = 7 wounds per group). Each dot represents the 
average distance for an individual wound channel. Data were analyzed using 
Student's t test. (H) H&E-stained sections from a Ubc-Cre-ER™:Wnt5a"“* 
(Wnt5a"*) and Ubc-Cre-ER™:Wnt5a"°? (WntSa*") mouse at day 8 post- 
injury (n = 3 mice analyzed per group). Arrowheads indicate the space 
between cryptlike structures that developed from wound channels. Arrows 
indicate abnormal immature wound channels with no cryptlike structures. 
Scale bars, 500 um. (I) Schematic diagrams of defects in crypt regeneration in 
Wnt5a’ mice. 
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nonproliferative wound-channel epithelial cells 
(Fig. 2E). This was specific for wound channels, 
as in uninjured areas, Wnt5a-positive mesenchy- 
mal cells were not associated with crypt bases that 
contain canonical Wnt-active epithelial cells (Fig. 2D). 
These results suggested that WntSa-positive mes- 
enchymal cells may induce crypt formation by lo- 
cally inhibiting proliferation of the stem/progenitor 
cell population within the wound channel. 

To test this hypothesis in vivo, we gener- 
ated a WntSa conditional knockout (ko) allele 
(fig. S7, A to D). We crossed WntSa"” mice with 
CAGGCreER™ (22) or Ubc-Cre-ER’” (23) transgenic 
mice for global cellular targeting and generated 
CreERT-expressing WatSd" mice (WuntSa'””), 
as well as CreERT-expressing WntSa/”* and 
WntSa*”* mice (controls). After serial tamoxifen in- 
jections to activate Cre recombinase, we created 
colonic mucosal injuries and analyzed repair. 
WntSa’’™ mice generated by both methods con- 
tained normally appearing WAE cells (fig. S7E), 
but also contained abnormal wound channels at 
days 6 and 8 postinjury. Compared with uninjured 
controls, at day 6 postinjury, WatSa'°’’ wound chan- 
nels contained significantly fewer invaginations 
(Fig. 2, F and G), and at day 8 postinjury, they did 
not develop into new cryptlike structures (Fig. 
2H). These results showed that Wnt5a has a cru- 
cial role in the proper formation and eventual sub- 
division of wound channels into crypts (Fig. 21). 

To test the direct effects of WntSa on wound- 
channel epithelium, we established an in vitro 
culture system that mimicked wound channels. 
Conditioned media from an L cell line express- 


Fig. 3. Wnt5a inhibits proliferation of colonic epi- 
thelial stem cells. (A) Focal Wnt5a-induced clefts in 
colonic epithelial organoids. A control (left) or a 
Wnt5a-soaked bead (right) was placed adjacent to 
different colonic organoids. Scale bars, 200 um. (B) 
Plot of the mean cleft incidence of colonic organoids 
(+SD; error bars) attached to control or Wnt5a- 
soaked beads (n = 3 experiments). A Student's f test 
was used to determine significance. (C) Colonic 
organoids attached to either control (left) or Wnt5a- 
soaked beads (right) were stained for Ki-67 (green). 
Yellow dotted lines outline the bead attachment 
area. Nuclei were counterstained with bis-benzimide 
(blue). Representative images from three samples 
(per group) are shown. Scale bars, 200 um. (D) 
Representative images of colonic epithelial organoids 
cultured for 48 hours in Wnt3a/Rspo1 and indicated 
amounts of Wnt5a. The rightmost panel is a control 
without Wnt3a/Rspo1 (n = 3 experiments). Scale 
bars, 500 um. 


ing Wnt3a, R-spondin3, and noggin (L-WRN) 
(11, 13, 14) maintained highly proliferative, epi- 
thelial colonic stem/progenitor cells (Lgr5-positive) 
(24) as organoid spheres in culture (fig. S8 and 
tables S2 and S3); these properties were similar 
to in vivo wound-channel epithelial cells. Interest- 
ingly, Wnt5a-soaked beads (fig. S9) induced 
clefts within colonic organoids more frequently 
than control beads (Fig. 3, A and B). Epithelial 
proliferation in areas of contact with WntSa-soaked 
beads was suppressed compared with areas con- 
tacting control beads (Fig. 3C). Furthermore, ad- 
dition of WntSa to the organoid culture medium 
suppressed colonic sphere formation stimulated 
by Wnt3a and R-spondin! (Fig. 3D). Wnt5Sa de- 
creased Ki-67 and Lgr5S expression in a dose- 
dependent manner (fig. S10A). However, Axin2 
expression was not suppressed by Wnt5a (fig. 
S10A), in contrast to previous findings suggest- 
ing that Wnt5a antagonizes canonical Wnt signal- 
ing (25-28). The connection between noncanonical 
Wht signaling and the cell cycle is unclear. In- 
creased expression of cyclin-dependent kinase 
(Cdk) inhibitors can inhibit epithelial prolifera- 
tion. We found that Wnt5a increased expression of 
multiple Cdk inhibitors, most notably p15'NS*® 
(Cdkn2b) in treated colonic epithelial organoids 
(fig. S10B). These results show that a focal source 
of noncanonical Wnt initiates a critical interme- 
diary step to reestablish homeostasis of the co- 
lonic epithelium. 

Because p15'““ expression can be induced 
by transforming growth factor-8 (TGF-B) (29), a 
classical inhibitor of epithelial proliferation (30), 


A 


Control 


we tested whether WntSa activates the TGF-f sig- 
naling pathway. In colonic organoids, recombi- 
nant TGF-B1 suppressed proliferation and induced 
Serpinel (PAI-1) expression, indicating Smad 
transactivation (37) downstream of the TGF-B 
type | receptor (fig. S11, A and B). Surprisingly, 
WntSa also stimulated Serpinel expression in a 
dose-dependent manner (Fig. 4A) and enhanced 
Smad3 phosphorylation/nuclear localization (Fig. 
4B). In injured Wnt5a'°”’ animals compared with 
control mice, the loss of WntSa expression was 
associated with diminished phosphorylation of 
Smad3 in the stem/progenitor population at the 
base of wound channels (Fig. 4, C and D, and 
fig. S11, C and D). The action of WntSa required 
kinase activity of the TGF-B receptor as SB431542, 
a kinase inhibitor for TGF-B type 1 receptor, sup- 
pressed all WntSa effects on cell growth, as well 
as Ki-67 and Serpinel expression (Fig. 4E and fig 
S11E). Thus, WntSa expression is required to po- 
tentiate TGF-B signaling at the base of wound chan- 
nels and mimics the effects of WntSa in vitro. 
Despite sharing several similar components, 
the canonical and noncanonical Wnt signaling 
pathways use distinct co-receptors, LRP5/6 and 
ROR1/2, respectively (32). Intestinal organoids ex- 
clusively expressed Ror2 (fig. S12), and Ror?“ 
and WntSa ’ mice similarly display defective 
gut elongation (5, 33). Using colonic organoids 
with short hairpin RNA (shRNA) knockdown of 
Ror2 (fig. S13, A to C), we found that WntSa 
and TGF-B1 showed diminished Serpinel induc- 
tion (Fig. 4F), indicating that the activation of 
the TGF-B signaling pathway by Wnt5a was 
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Fig. 4. Wnt5a activates the TGF-B signaling pathway. (A) Colonic organoids 
were cultured for 24 hours with recombinant Wnt5a. Plots of mean (+SD; 
error bars) relative mRNA expression levels of Serpine1 and Mki67 were 
determined by quantitative RT-PCR analysis (n = 3 samples per group). Data 
were analyzed using one-way analysis of variance followed by Tukey’s test 
(P < 0.0001). Asterisks indicate differences, compared with the baseline 
condition (0 ng/ml), that were significant (P < 0.05) in the posttest. (B) 
Nuclear localization of p-Smad3 protein. Colonic epithelial cells grown on 
Matrigel-coated chambers (Matrigel, BD, Franklin Lakes, NJ) were incu- 
bated without ligands (control) and with either Wnt5a (400 ng/ml) or 
TGF-B1 (1 ng/ml) for 2 hours and then fixed and stained for p-Smad3 (rep- 
resentative images from three experiments). Scale bars, 10 um. (C) Dis- 
tribution of p-Smad3 in the wound channels (right) and uninjured crypt units 
(left). Colonic sections from Ubc-Cre-ER™: Wnt5a*’* (Wnt5a*’*) and Ubc-Cre- 
ER™: Wnt5al? (Wnt5a‘*) wounds at day 6 postinjury were stained for 
p-Smad3 (bottom). Cell nuclei were visualized with bis-benzimide (top). 


Arrowheads and arrows indicate the base of wound channels. Scale bars, 
50 um. (D) Quantification of p-Smad3 in wound channels. Plots of the mean 
ratio of signal intensity (+SD) in epithelial cells located in the base of wound 
channels compared with the base of crypts in unwounded areas (from the 
same tissue section) were determined as described in the supplemental ma- 
terials and methods (n = 4 wounds per group). (E) Colonic organoids were 
cultured for 24 hours without ligands (control) and with Wnt5a (400 ng/ml), 
SB-431542 (10 uM), or both together. Representative bright-field pictures 
were shown (n = 3 experiments). DMSO, dimethyl sulfoxide. Scale bars, 500 um. 
(F) Colonic organoids were cultured for 24 hours without ligands (control) 
and with Wnt5a (400 ng/ml) and TGF-B1 (1 ng/ml). Two pairs of populations 
expressing shRNA for independent target sequences and their controls (SHCO02) 
were examined. Plots of mean (+SD) relative mRNA expression levels were de- 
termined by quantitative RT-PCR analysis (n = 3 samples per group). The 
asterisks in (D) and (F) indicate differences that were significant in the 
Student's t test: **P < 0.01, ***P < 0.001, ****P < 0.0001. 


mediated through Ror2. Ror2 knockdown did 
not affect growth inhibition of Wnt5a and TGF- 
Bl (fig. S14), suggesting that TGF-f inhibited 
the cell cycle in a transcription-independent man- 
ner, as previously described (34), and that the 
signaling through Ror1/2 enhanced transcriptional 
activity of the Smad protein complex. Although 
the core components of the TGF-B signaling path- 
way consisting of type I and II receptors and 
Smad proteins are relatively simple, regulatory 
mechanisms (including protein modification and 
translocation) are highly complex (35). This ex- 
perimental system will help to identify more pre- 
cise molecular mechanisms of cell cycle inhibition 
by noncanonical Wnt and TGF-B. 

Here, we show that wound channels are a 
critical intermediate structure during colonic 
epithelial wound repair. These channels undergo 
Wnt5a-mediated subdivision via a previously un- 


known mechanism to potentiate TGF-f signaling. 
The effects of WntSa are primarily mediated by 
focal inhibition of proliferation, though we cannot 
rule out effects on cell polarity/asymmetric cell 
division. The process of crypt regeneration appears 
to reuse elements of a fetal developmental pro- 
gram (/5, 36). Even though a colonic mesenchymal 
niche is not yet defined, our findings suggest that 
Wnt5a-positive cells are a critical part of this niche 
during injury repair, as they affect the organization 
of the regenerating epithelium. We propose that 
such epithelial-mesenchymal interactions during 
repair will occur in other tissues and organisms 
(J), such as hair follicles, that elevate specific Wnt 
family members during regeneration (37). 


References and Notes 
1. T. S. Stappenbeck, H. Miyoshi, Science 324, 1666 (2009). 
2. R. Lanza, Ed., Essentials of Stem Cell Biology (Elsevier, 
San Diego, ed. 2, 2009). 


3. 


17. 
18. 


M. R. Walker, K. K. Patel, T. S. Stappenbeck, J. Pathol. 
217, 169 (2009). 


. W. W. Chang, C. P. Leblond, Am. J. Anat. 131, 101 (1971). 
. H. S. Park, R. A. Goodlad, N. A. Wright, Am. J. Pathol. 


147, 1416 (1995). 


. H. Seno etal., Proc. Natl. Acad. Sci. U.S.A. 106, 256 (2009). 
. S. L. Pull, J. M. Doherty, J. C. Mills, J. 1. Gordon, 


T. S. Stappenbeck, Proc. Natl. Acad. Sci. U.S.A. 102, 
99 (2005). 

. El Marjou et al., Genesis 39, 186 (2004). 

. Soriano, Nat. Genet. 21, 70 (1999). 

. Cadwell et al., Cell 141, 1135 (2010). 

. Sato et al., Nature 459, 262 (2009). 


. Sato et al., Gastroenterology 141, 1762 (2011). 

. Jung et al., Nat. Med. 17, 1225 (2011). 

. Cervantes, T. P. Yamaguchi, M. Hebrok, Dev. Biol. 326, 
285 (2009). 


F 
P. 
K 
T 
. A. Ootani et al., Nat. Med. 15, 701 (2009). 
T 
P. 
Ss. 


. |. Philipp et al., Proc. Natl. Acad. Sci. U.S.A. 106, 4290 


(2009). 

C. L. Stoick-Cooper et al., Development 134, 479 (2007). 
A. Gregorieff et al., Gastroenterology 129, 626 

(2005). 


5 OCTOBER 2012 VOL 338 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on October 5, 2012 


19. B. Wilm, A. Ipenberg, N. D. Hastie, J. B. E. Burch, 

D. M. Bader, Development 132, 5317 (2005). 

B. Zhou et al., Nature 454, 109 (2008). 

B. Lustig et al., Mol. Cell. Biol. 22, 1184 (2002). 

22. S. Hayashi, A. P. McMahon, Dev. Biol. 244, 305 (2002). 

Y. Ruzankina et al., Cell Stem Cell 1, 113 (2007). 

24. N. Barker et al., Nature 449, 1003 (2007). 

25. L. Topol et al., J. Cell Biol. 162, 899 (2003). 

26. A. J. Mikels, R. Nusse, PLoS Biol. 4, e115 (2006). 

27. A. Sato, H. Yamamoto, H. Sakane, H. Koyama, A. Kikuchi, 
EMBO J. 29, 41 (2010). 

28. T. Ishitani et al., Mol. Cell. Biol. 23, 131 (2003). 

29. G. J. Hannon, D. Beach, Nature 371, 257 (1994). 

30. H. L. Moses, E. Y. Yang, J. A. Pietenpol, Cell 63, 245 (1990). 

31. S. Dennler et al., EMBO J. 17, 3091 (1998). 

32. L. Grumolato et al., Genes Dev. 24, 2517 (2010). 

33. M. Yamada et al., Dev. Dyn. 239, 941 (2010). 


34. A. lavarone, J. Massagué, Nature 387, 417 (1997). 

35. N. R. Gough, Sci. Signal. 1, eg8 (2008). 

36. T. P. Yamaguchi, A. Bradley, A. P. McMahon, S. Jones, 
Development 126, 1211 (1999). 

37. M. Ito et al., Nature 447, 316 (2007). 


Acknowledgments: We thank R. Kopan for comments on 

the manuscript, W. Pu for reagents, and R. Head and 

C. Storer for the microarray analysis. This work was funded 
by the NIH (grant DK90251); the Pew Scholars Program in the 
Biomedical Sciences; grant 5135DK074375 (Trans- National 
Institute of Diabetes and Digestive and Kidney Diseases 
Short-Term Training for Medical Students); the Washington 
Univ. Digestive Disease Research Core (NIH grant P30-DK52574); 
and the Intramural Research Program of the NIH, National 
Cancer Institute, Center for Cancer Research. Microarray data 
are available on Array Express (accession no. E-MTAB-1175). 


REPORTS 


Materials transfer agreements will be required for the 
acquisition of the Wnt5a” mice from the National Cancer 
Institute and the L-WRN cell line from the Washington Univ. 
Medical School. The data presented in this manuscript are 
tabulated in the main paper and in the supplementary 
materials. 


Supplementary Materials 
www.sciencemag.org/cgi/content/full/science.1223821/DC1 
Materials and Methods 

Figs. $1 to $14 

Tables $1 to $3 

References (38-53) 


25 April 2012; accepted 21 June 2012 
Published online 6 September 2012; 
10.1126/science.1223821 


Insect Herbivores Drive Real-Time 
Ecological and Evolutionary Change 
in Plant Populations 


Anurag A. Agrawal,”2* Amy P. Hastings,” Marc T. J. Johnson,? John L. Maron,* Juha-Pekka Salminen? 


Insect herbivores are hypothesized to be major factors affecting the ecology and evolution of 
plants. We tested this prediction by suppressing insects in replicated field populations of a 
native plant, Oenothera biennis, which reduced seed predation, altered interspecific competitive 
dynamics, and resulted in rapid evolutionary divergence. Comparative genotyping and phenotyping of 
nearly 12,000 O. biennis individuals revealed that in plots protected from insects, resistance 

to herbivores declined through time owing to changes in flowering time and lower defensive 
ellagitannins in fruits, whereas plant competitive ability increased. This independent real-time 
evolution of plant resistance and competitive ability in the field resulted from the relaxation of 
direct selective effects of insects on plant defense and through indirect effects due to reduced 


herbivory on plant competitors. 


insect herbivores represents one of the 

dominant species interactions on Earth 
and has been hypothesized to play a strong role 
in the diversification of plant species and their 
traits (/—3). The evolution of plant defense has 
been studied primarily with either a prospective 
or retrospective approach. Single-generation pro- 
spective approaches measure contemporary natural 
selection on resistance traits and make predictions 
about how those traits should evolve given esti- 
mates of their heritability (4-6). By contrast, ret- 
rospective studies compare populations or species 
that have diverged over time (7—9) and make in- 
ferences about the processes driving evolutionary 
change. More generally, temporal studies of natu- 
ral species interactions that influence evolutionary 
dynamics remain rare, and few have been exper- 
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imental (9—/2). Thus, we lack experimental field 
studies that quantify how species interactions in- 
fluence selection on traits and the evolutionary 
response to this selection. As such, it is not well 
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established how rapidly plants adapt to selection 
by herbivores, which traits are most important in 
the evolution of defense, and whether herbivory 
drives predictable parallel changes due to selec- 
tion across populations. 

The ecology and evolution of plant-herbivore 
relationships is, in part, governed by the recipro- 
cal nature of their interaction and the complex- 
ity of communities. For example, plant traits 
and plant community structure are critical for 
determining insect occurrence and attack rates 
(/—3). Conversely, insects can directly reduce focal 
plant abundance (/3) or indirectly affect plant 
abundance through changes in the density of co- 
occurring competitors (/4). Thus, the evolution- 
ary dynamics of a focal plant species might be 
influenced through direct selection on resist- 
ance traits and/or by indirect selection on traits 
influencing competitive ability (75, 6). Despite 
this likely scenario, our understanding of how 
species interactions influence the evolution of 
constituent community members is surprisingly 
limited (77). 

We conducted a field study of the selective 
impact of insects and the evolutionary response 


Insects 
suppressed 


Fig. 1. Fruit loss to seed predator moths (dominated by M. brevivittella) in 18 genotypes of O. biennis 
in ambient and insect-suppressed plots (data are from the first generation, 2007-2008, mixed-model 
analysis of variance, genotype-by-insecticide interaction: y* = 57.55, P < 0.001). (Left) an opened fruit 
with a M. brevivittella larvae consuming immature seeds; (right) a flowering O. biennis. 
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to this selection in the native forb common evening 
primrose, Oenothera biennis (Onagraceae) (/8). 
We established 16 replicate plots planted with 
60 individual seedlings of O. biennis, containing 
equivalent frequencies of 18 uniquely identi- 
fied genotypes (/9). Half of the plots were treated 
biweekly during each growing season with 
esfenvalerate, a nonsystemic insecticide (insect 
suppression treatment, supplementary text 2a); 
the remaining plots received an equivalent 
amount of water as a control (ambient insect treat- 
ment). Because O. biennis is annual or biennial, 
primarily selfing, and has a genetic system that 
suppresses recombination and segregation of al- 
leles, we could track changes in frequencies of each 
planted genotype within each replicate population 
over multiple generations (/9). Plots were not fur- 
ther weeded or otherwise manipulated, allowing 
the natural assembly and early succession of plant 
species with and without insects (supplementary 
text 2b). We previously summarized our sam- 
pling methods, the effects of flowering phenology 
on insect attack, and plant life-history evolution 
in the ambient insect plots (19). Here, we address 
the effects of experimental insect suppression on 
ecological and evolutionary change in O. biennis, 
including changes in genotypic composition, de- 
fensive chemistry, competitive ability, and flow- 
ering time. 

Although there were three native species of 
specialist seed predator moths at our site, fruit 


loss in O. biennis was dominated by Mompha 
brevivittella, which was >5 times as abundant as 
M. stellella and Schinia florida combined, the 
other two common specialists. The 18 O. biennis 
genotypes varied substantially in their resistance 
to these seed predators (Fig. 1), and insect sup- 
pression created an environment with potential- 
ly large differences in natural selection. Despite 
increases in O. biennis abundance in the first 
2 years of the experiment (reaching up to 4000 
individuals per plot in 2009), recruitment was 
substantially lower in the insect suppression 
plots compared to ambient controls (Fig. 2). This 
reduction in O. biennis density coincided with 
a rise in the abundance of common dandelion, 
Taraxacum officinale (Asteraceae), an early suc- 
cessional weed that dominated our plots and 
was twice as abundant in plots where insects 
were suppressed compared to controls (Fig. 2 
and fig. S1). 

A specialist seed-feeding beetle of 7° officinale, 
Glocianus punctiger, was significantly reduced by 
insect suppression, and a highly abundant gener- 
alist moth caterpillar at the site, Noctua pronuba, 
showed a preference for 7 officinale over O. biennis 
(supplementary text 2c). Thus, we hypothesized 
that the release of 7: officinale from its herbivores 
led to competitive suppression of O. biennis. In- 
deed, populations of O. biennis and T. officinale 
showed a negative correlation at the population 
level (simple correlation, V = 16, r =—0.523, P= 
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Fig. 2. Effects of insect suppression on the densities of focal O. biennis (univariate analysis of variance, 
F444 = 8.97, P = 0.010) and a major colonizing competitor (7. officinale, univariate analysis of var- 
iance, Fy,14 = 12.96, P = 0.003) in 2009 (means + SEM); also shown are representative ambient and 
insect-suppressed plots when T. officinale was in peak bloom. 


0.038), and an independent field experiment at 
the same site confirmed that 7 officinale inhibits 
early establishment of O. biennis (supplementary 
text 2d). Because O. biennis requires light for ger- 
mination, we hypothesize that 7° officinale likely 
affects germination as well as early seedling sur- 
vival. Therefore, insect suppression substantially 
affected plant competitors in addition to our focal 
species. 

The net evolutionary consequence of in- 
sect suppression was a change in the genetic 
structure of O. biennis populations (Fig. 3, re- 
peated measures canonical correspondence anal- 
ysis, permutation test, trace = 0.275, F = 8.511, 
P= 0.020), with the strongest effect observed in 
the final year of the experiment (fig. $2). This 
parallel genetic differentiation among our repli- 
cated insect suppression plots in comparison to 
control plots (Fig. 3) implies that selection by 
insects, and not genetic drift, drove the observed 
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Fig. 3. (A) Results from an unconstrained correspon- 
dence analysis on frequencies of all genotypes in 
2011. Each dot represents an experimental plot; am- 
bient and suppressed treatments were coded after 
the analysis. A constrained canonical correspondence 
analysis revealed substantial genetic differentiation 
between treatments (data from 2011, permutation 
test, trace = 0.127, F = 2.211, P = 0.003). (B) The 
relative frequency (ambient/suppressed) of each 
genotype over time. The dashed red line indicates 
the null hypothesis of no divergence in genotype fre- 
quencies between treatments; darker lines highlight 
genotypes that represented >2% of the plants in 
2011. Skull and crossbones indicate two genotypes 
that went extinct in one treatment. The y axis is on a 
logarithmic scale to facilitate equal visualization of 
under- and overrepresented genotype frequencies. 
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genotypic evolution. At the end of the experi- 
ment, | of the original 18 genotypes was entire- 
ly extirpated, and two additional genotypes were 
represented only in insect suppression plots (Fig. 
3). Only six genotypes consistently maintained a 
frequency of 2% or higher within the popula- 
tions. Three novel genotypes, derived from out- 
crossing events between known parents, each 
also reached >2% of the populations in 2011 (sup- 
plementary text 2e). Thus, across both treatments, 
nine genotypes dominated all plots (>2% each) 
at the end of the experiment. Genotypic even- 
ness was >50% higher in insect suppression plots 
compared to controls (Smith and Wilson’s even- 
ness index, Fy, univariate analysis of variance, 
F\ 14 =15.037, P= 0.002), suggesting an erosion 
of genotypic variance in the presence of insect 
herbivores. Nonetheless, insect suppression af- 
fected neither genotypic richness (univariate anal- 
ysis of variance, F\ 4 = 0.287, P = 0.600) nor 
diversity (Simpson’s index, univariate analysis of 
variance, F’\,14 = 0.377, P = 0.549). 

On the basis of annual estimates of genotype 
frequencies in each plot and genotype-specific 
means of M. brevivittella attack measured in 
control plots during 2007, we found that experi- 
mental suppression of insects resulted in evolu- 
tion of relaxed plant defense (Fig. 4). We next 
determined the evolutionary response of traits re- 
sponsible for this divergence in resistance. We 
had previously shown that the extent of early- 
season flowering (number of open or senesced 


flowers after 50% of the plants had at least a 
single open flower) positively correlated with 
M. brevivittella attack in 2 years (19) (i.e., later- 
flowering plants suffered less damage). There 
was no difference between treatments in the first 
year of our study (2007), as early season flower- 
ing was not different among the two treatments 
(univariate analysis of variance, F),;4 = 0.320, 
P= 0.581); by 2010, there was a significant shift 
toward earlier flowering in plots with suppressed 
insects (univariate analysis of variance, F\14 = 
6.105, P = 0.027). This effect was even stronger 
in 2011 (Fig. 4, univariate analysis of variance, 
F144 = 7.025, P = 0.019) and was predictable on 
the basis of genotype frequencies and genotype- 
specific means for early flowering (Fig. 4). Thus, 
a predicted response to selection was evident in 
only three to four generations. We found no dif- 
ference in annual versus biennial phenotypes of 
O. biennis (repeated measures multivariate anal- 
ysis of variance, F' 14 = 0.935, P = 0.350). 

O. biennis produces diverse hydrolyzable tan- 
nins, including the largest ellagitannins known 
from any plant species (20), and these com- 
pounds have very high oxidative capacity, nega- 
tively affecting insect herbivores (2/). One trimer, 
oenothein A (fig. S3), was the dominant ellagitan- 
nin in O. biennis fruits (up to 7.8% dry mass). We 
previously showed that oenothein A is favored 
by natural selection in O. biennis leaves (6), and 
its production in fruits was negatively geneti- 
cally correlated with M. brevivittella attack in 
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the current study (simple correlation, NV = 17, r= 
—0.491, P = 0.045) (supplementary text 2f), im- 
plicating a role of this compound in defense. 
Despite a genetic correlation between foliar and 
fruit ellagitannin chemistry (simple correlation, 
N= 18, r = 0.848, P < 0.001), only fruit chem- 
istry significantly diverged in our experimental 
plots (Fig. 4), suggesting that selection was stron- 
gest for defense against flower- and fruit-feeding 
herbivores like M. brevivittella. A negative genetic 
correlation between early-season flowering and 
the production of oenothein A in fruits (simple 
correlation, N = 23, r = —0.67, P < 0.001) is con- 
sistent with the rapid and joint evolution of these 
traits (1.e., early flowering with low oenothein A 
in insect-suppressed plots) (Fig. 4). 

Given that insect suppression not only affected 
herbivory on O. biennis, but also resulted in stron- 
ger plant competition through larger T. officinale 
populations, we hypothesized that O. biennis 
would evolve greater competitive ability in the 
absence of insects. We measured the relative com- 
petition index (RCI) in total above- and below- 
ground biomass of different genotypes in an 
independent experiment (fig. S4). We then used 
these genotype-specific values of competitive 
ability to determine if the competitive phenotypes 
diverged between control and insect-suppressed 
plots. Insect suppression resulted in the evolution 
of enhanced competitive ability relative to am- 
bient insect plots (Fig. 4), and because this effect 
was not genetically correlated with early-season 
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Fig. 4. Phenotypic evolution in O. biennis plots. (A) In the presence of seed 
predator insects, higher plant resistance evolved [estimated by multiplying 
genotype-specific means measured in control (ambient insect) plots by genotype 
frequencies in each plot] (repeated measures multivariate analysis of variance, 
Fy14q = 6.322, P = 0.025), and this effect did not vary over time (time-by- 
treatment interaction, repeated measures multivariate analysis of variance, 
F342 = 1.459, P = 0.275). (B) Earlier flowering was observed in the insect 
suppression plots (univariate analysis of variance, Fy.14 = 7.025, P = 0.019). 
We confirmed that this was an evolutionary response by multiplying genotype- 
specific means by genotype frequencies (univariate analysis of variance, Fy14 = 
4.530, P = 0.050); the former field assessment includes the possible effects of 


phenotypic plasticity, whereas the latter is based on genotypic values. (C) Leaf 
defensive chemistry did not diverge (univariate analysis of variance, Fy14 = 
1.716, P = 0.211) but fruit chemistry changed (univariate analysis of variance, 
F114 = 8.917, P = 0.010) as predicted by genotypic means and genotype 
frequencies. (D) Competitive ability of O. biennis when grown with T. officinale; 
plants in the insect-suppressed plots evolved a greater ability to maintain above- 
and belowground biomass (relative competition index) when grown with a com- 
petitor than when grown alone (repeated measures multivariate analysis of 
variance, Fy, = 5.189, P = 0.038); this effect did not vary over time (repeated 
measures multivariate analysis of variance, time-by-treatment interaction (F312 = 
0.072, P = 0.974). All panels show means + SEM; ns, not significant. 
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flowering (simple correlation, N = 23, r = —0.157, 
P= 0.474), the production of oenothein A (sim- 
ple correlation, N = 23, r = 0.035, P = 0.871), 
or resistance to M. brevivittella (simple correla- 
tion, N = 17, r =—0.255, P = 0.241), responses 
to natural selection were unconstrained by genet- 
ic correlations. The evolution of increased suscep- 
tibility to herbivores and enhanced competitive 
ability was jointly favored by the suppression of 
insects. 

Concurrent evolution of herbivore resistance 
and competitive ability was only partially predict- 
able from annual measures of natural selection. 
We correlated trait values against lifetime seed 
production in each year, hypothesizing that we 
would observe divergent slopes concordant with 
the divergent evolutionary change that we ob- 
served between our two treatments. Although we 
found significantly divergent natural selection 
between ambient and insect suppression plots 
for the two resistance traits, this effect was ob- 
served in only | of 4 years (fig. S5). Nonetheless, 
when differences in natural selection were ob- 
served, they were in the predicted direction on 
the basis of the observed evolutionary change 
(table S1). Thus, annual measures of natural selec- 
tion predicted from fecundity were not strong 
predictors of evolutionary change, which suggests 
that selection on other components of fitness con- 
tribute to observed evolutionary responses (/9). 

Our study provides definitive evidence for the 
rapid evolution of insect-mediated plant resist- 
ance traits in real time, supporting current interest 
in reciprocal feedbacks between evolutionary 
change and ecological dynamics (/7, 19, 22, 23). 
We highlight how biotic environmental factors 
simultaneously alter ecological and evolutionary 
dynamics. Specifically, our finding that multiple 


herbivores attacking co-occurring host plants can 
alter competitive interactions is likely quite gen- 
eral in natural ecosystems (/4, 24, 25), and the 
rapid evolutionary responses observed confirm 
predicted interactive effects of herbivory and com- 
petition on plant evolution (/5, 76). Given that 
O. biennis is a poor competitor, we predict that 
evolutionary shifts in resistance and competitive 
ability allow this species to persist for longer pe- 
riods of time during succession. 
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Natural Enemies Drive Geographic 
Variation in Plant Defenses 


Tobias Ziist,*+ Christian Heichinger,” Ueli Grossniklaus,* Richard Harrington,> 


Daniel J. Kliebenstein,*” Lindsay A. Turnbull” 


Plants defend themselves against attack by natural enemies, and these defenses vary 
widely across populations. However, whether communities of natural enemies are 

a sufficiently potent force to maintain polymorphisms in defensive traits is largely 
unknown. Here, we exploit the genetic resources of Arabidopsis thaliana, 

coupled with 39 years of field data on aphid abundance, to (i) demonstrate that 
geographic patterns in a polymorphic defense locus (GS-ELONG) are strongly 
correlated with changes in the relative abundance of two specialist aphids; and (ii) 
demonstrate differential selection by the two aphids on GS-ELONG, using a 
multigeneration selection experiment. We thereby show a causal link between variation 
in abundance of the two specialist aphids and the geographic pattern at GS-ELONG, which 
highlights the potency of natural enemies as selective forces. 


ntraspecific genetic variation is essential in 
enabling species to respond rapidly to evolu- 
tionary challenges such as changing environ- 


mental conditions (/) or the emergence of novel 
pests and pathogens (2). This diversity often re- 
flects the balance between the strength of local 


selection and the current and historical levels of 
population substructure and gene flow (3, 4). 
Geographic analyses of genetic variation in 
several plant species have revealed clear genetic 
signals of local adaptation (5), caused by differ- 
ences in the selective regime among locations. 
These analyses are further supported by reciprocal 
transplant experiments, in which home genotypes 
generally outperform those transplanted from 
other populations (6, 7). Although the drivers of 
local adaptation often remain unidentified, there 
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is evidence that climate and soil can exert strong 
local selective pressures and play important roles 
in shaping large-scale genetic patterns (8, 9). 

In contrast to the clear role of abiotic factors, 
there is little direct evidence that biotic forces, 
such as herbivory or competition, can lead to the 
maintenance of genetic variation across large ge- 
ographic scales, despite the exceptional levels of 
polymorphism associated with genes involved in 
defense (/0, 1). In theory, interactions between 
organisms and their natural enemies can lead to 
differences in the local selective regime because 
of geographic variation in the abundance or spe- 
cies composition of the enemy community (3). 
This spatial variation can affect defense if it is 
costly; e.g., if the average level of herbivory varies 
across populations, defended genotypes might 
dominate in heavily attacked populations where- 
as undefended genotypes would prosper when 
enemies are absent or rare (/2). Another less 
studied effect is how defense might vary if plants 
are attacked by diverse collections of herbivore 
species that differ in feeding style and specializa- 
tion. This could lead to higher levels of polymor- 
phism in defense genes due to selection for specific 
defensive profiles matched to the predominant lo- 
cal herbivore or herbivore community [e.g., (/3)]. 
However, there is no direct evidence that variation 
in local herbivore communities represents a suffi- 
ciently strong selective pressure to favor specific 
defensive traits and maintain polymorphisms in 
defense-related genes. 

The unparalleled genetic and molecular 
resources available for the model plant Arabidopsis 
thaliana make this species an ideal candidate to 


Fig. 1. Location of European A. thaliana 
accessions with known chemical profile. Symbol 
color indicates the GS-ELONG chemotype (orange: 
3G; green: 4C) and symbol shape indicates the GS- 
AOP chemotype (square: ALK; circle: OH; triangle: 
NULL). For GS-ELONG, the probability of finding 3C 
populations increases strongly with longitude 
(binomial GLM: t = 5.11, df = 85, P < 0.001) 
and weakly with latitude (t = 1.75, df = 85, P= 
0.084). Countries with available aphid data are 
colored in blue. The shade of blue corresponds to 
the relative frequency of L. erysimi based on model 
predictions from a binomial GLM using data from 
61 aphid suction traps. The relative frequency of 
L. erysimi increases strongly with longitude (t = 
5.03, P < 0.001) and weakly with latitude (t = 
1.89, P = 0.060). Pie charts indicate the observed 
average relative abundance of B. brassicae (white) 
and L. erysimi (blue) in each country. 


study the process of local adaptation to herbivores. 
The primary defensive trait in A. thaliana is a se- 
ries of indolic and aliphatic glucosinolates, which 
are secondary plant metabolites with antiherbivore 
properties (/4). The accumulation and structure 
of aliphatic glucosinolates are mechanistically 
determined by alleles at the GS-ELONG locus 
that regulate the carbon side-chain elongation 
(3C or 4C) (15) and by alleles at the GS-AOP locus 
that modify the functional group of the biological- 
ly active glucosinolate side chain (ALK, OH, or 
NULL). The combination of these alleles yields six 
distinct chemotypes present in natural popula- 
tions in varying proportions (/6). Both individual 
glucosinolate compounds and full chemical pro- 
files affect the susceptibility of a plant to specific 
herbivores (/7, 18); hence, the aliphatic chemotype 
is likely under differential, qualitative selection by 
herbivores. By contrast, accumulation of the main 
indolic glucosinolates in A. thaliana is highly plas- 
tic and modulated by a large number of small-effect 
genetic loci, which are therefore less likely to show 
clear signatures of selection (/9). 

We mapped geographic variation in the abun- 
dance of the six chemotypes within Europe from 
a set of 96 accessions (75 European) (20) with 
known chemical profiles (/6) (Fig. 1). There was 
no apparent pattern in the distribution of the 
GS-AOP chemotypes, but for GS-ELONG, the fre- 
quency of 3C to 4C chemotypes increases with 
both latitude and longitude (Fig. 1 and fig. S1). 
If this pattern results from geographical varia- 
tion in herbivore feeding pressure, we would 
expect it to be closely matched by variation in her- 
bivore abundance patterns. Although A. thaliana 
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is attacked by a range of invertebrate herbivores, 
many of which preferentially feed on specific 
chemotypes (/7), we hypothesized that the aphid 
species Brevicoryne brassicae and Lipaphis erysimi 
are likely drivers of these patterns as they are both 
abundant, mobile Brassicaceae specialists, yet 
differentially sensitive to environmental conditions 
(21). Fluctuations in aphid populations have been 
monitored since 1964 through the EXAMINE net- 
work (www.rothamsted.ac.uk/examine/) with suc- 
tion traps that operate throughout the aphid flight 
season (22). We retrieved data on the two aphid 
species from 61 traps in eight European coun- 
tries. These data revealed that the abundance of 
L. erysimi is usually lower than that of B. brassicae, 
but that the geographic pattern in the relative abun- 
dances of L. erysimi and B. brassicae closely mir- 
rors the pattern at GS-ELONG (Fig. | and fig. S1). 
Variation in the relative abundance of these two 
specialist aphids could therefore underlie varia- 
tion in the predominant GS-ELONG chemotype 
found in natural populations. 

Because causal inferences are impossible from 
such correlative data, we tested the causality of 
aphid selection on GS-ELONG, carrying out a 
multigenerational selection experiment on pop- 
ulations of A. thaliana (22). We assembled 30 
replicate populations from equal numbers of seeds 
from each of 27 natural accessions, including 6 of 
the 75 European accessions mapped above. Ac- 
cessions were chosen to maximize variation in 
defense traits while including all six glucosinolate 
chemotypes in a range of genetic backgrounds 
(table S1 and fig. $2). Over five generations, 
we consistently exposed populations to replicate 


www.sciencemag.org SCIENCE VOL 338 5 OCTOBER 2012 


117 


Downloaded from www.sciencemag.org on October 5, 2012 


Wl REPORTS 


118 


(n = 6) treatments of a single specialist aphid spe- 
cies: either B. brassicae or L. erysimi; a single gen- 
eralist aphid, Myzus persicae; a mixture of all 
three aphid species; and a no-aphid treatment. The 
generalist aphid was included as a negative con- 
trol, because M. persicae is unresponsive to ali- 
phatic glucosinolates (23) and we therefore would 
not expect it to exert directional selection on plant 


Fig. 2. (A) Change in the negative impact of 
aphid treatments on final plant biomass over five 
generations, displayed as the log-difference to 
final plant biomass in the no-aphid treatment 
(dashed line): B. brassicae (light blue); M. persicae 
(light green); L. erysimi (orange); and aphid mixture 
(yellow). Stars denote significantly less damage after 
five generations of selection (table $2). (B) Mean 
number of trichomes on the fourth leaf of 50 plants 
per population. Stars denote significant difference 
from the no-aphid treatment (black line) after five 
generations of selection. 
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Fig. 3. Change in the composition of A. thaliana accessions, from equal 
proportions of 27 genotypes in the ancestral population to treatment-specific 
compositions after five generations of selection. Each chart gives mean 


chemotype. The no-aphid treatment served as a 
control for other selective forces that were likely to 
affect the outcome of the experiment, such as 
intraspecific competition among accessions. Seeds 
were collected at the end of each generation with 
no mixing among populations, and a subset was 
used to establish the next generation at a constant 
density. After five generations of repeated herbi- 
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vore treatments, we sampled 24 individuals from 
each population in generation 5 (144 individuals 
per treatment) and determined their genotype. To 
have a marker for changes in genotypic com- 
position through time, we also measured leaf 
trichome density, a trait under strong genetic con- 
trol (fig. S3), on a representative sample of plants 
in all generations. 
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genotype frequencies based on n = 6 replicate populations. 3C chemotypes 
are indicated by solid, orange colors, and 4C chemotypes by hatched, 
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Rapid adaptation occurred in the selection 
experiment, as evidenced by a progressive re- 
duction in the effects of aphid feeding on final 
plant biomass in each generation (Fig. 2A). In 
line with the expected severity of aphid feeding 
based on previously reported population growth 
rates (2/), L. erysimi caused the strongest reduc- 
tion in plant biomass, whereas M. persicae had 
an intermediate effect and B. brassicae had the 
least effect. The mixture treatment caused a reduc- 
tion similar to that produced by L. erysimi alone, 
probably because aphid mixtures were domi- 
nated by this fast-growing aphid species. With 
each generation, trichome density decreased in the 
no-aphid treatment, whereas it remained at sig- 
nificantly higher levels in all aphid treatments 
(Fig. 2B). Adaptation to herbivore feeding was 
accompanied by considerable changes in the geno- 
typic composition of populations, including the 
complete loss of nine genotypes (Fig. 3). There 
was a nonspecific aphid effect on total indolic 
glucosinolates [linear mixed effects model: F'} 53 = 
10.66, P = 0.003], with plants in the no-aphid 
treatment producing on average 0.98 (£0.03, SEM) 
umol g', and plants in aphid treatments 
producing 0.87 (+0.03, SEM) umol g!. By con- 
trast, the different aphid treatments had a marked 
effect on the dominant aliphatic chemotypes with- 
in experimental populations. Notably, the relative 
proportions of 3C and 4C chemotypes differed 
strongly among aphid treatments (Fig. 3 and fig. 
S4). After selection, populations of the no-aphid 
treatment consisted of approximately two-thirds 
3C and one-third 4C chemotypes. Specialist 
aphids selected for different chemotypes at GS- 
ELONG: The 4C chemotypes strongly dominated 
in B. brassicae treatments [binomial generalized 
linear model (GLM), t = 3.08, df= 25, P= 0.002] 
and the 3C chemotypes strongly dominated in both 
L. erysimi (t = 2.01, df = 25, P = 0.045) and the 
aphid mixture treatments (¢ = 2.21, df = 25, P= 
0.027). The relative proportions of 3C to 4C 
chemotypes in populations exposed to the gener- 
alist aphid M. persicae did not differ from the 
no-aphid treatment (t= 0.18, df= 25, P= 0.858). 
Despite this similarity, the identity of the success- 
ful genotypes differed among the two treatments, 
with accession Sap-0 accounting for a large 
fraction of plants in the no-aphid treatment but 
being absent from all other treatments (Fig. 3). 
The genotypic composition of plant populations 
with LZ. erysimi and aphid mixtures was near- 
identical, confirming that L. erysimi dominated the 
mixture treatments and suggesting that in co- 
founded populations, Z. erysimi is the most impor- 
tant selective force. Most successful genotypes had 
either a 3C-OH or a 4C-NULL chemotype, and 
we found no individuals belonging to either al- 
kenyl chemotype (3C-ALK or 4C-ALK) in any 
treatment. Alkenyl chemotypes were common 
in generation | of the selection experiment (fig. 
$2), and simulations of random sampling on the 
basis of observed population sizes revealed that 
their loss could not be due to drift alone (fig. 
S5) but rather was a consequence of selection. 


To identify potential causes for the loss of par- 
ticular genotypes, we measured size-standardized 
growth rate as a measure of fitness, together with 
total aliphatic glucosinolate content and trichome 
density in a separate experiment on all 27 ancestral 
accessions. Alkenyl chemotypes produced the 
highest amount of glucosinolates and were among 
the slowest growing genotypes overall (fig. S6A). 
Alkenyl glucosinolates are an effective defense 
against leaf-chewing herbivores such as cater- 
pillars (24), but their efficiency against specialist 
aphids remains largely unknown, and they have 
little effect on M. persicae (23). The loss of the 
alkenyl chemotypes therefore probably resulted 
from selection against a costly defense trait that 
provided insufficient benefits in our experiment. 
This cost-benefit balance is also the most likely 
reason for the difference in dominant genotypes 
between the no-aphid treatment and the aphid 
treatments (Fig. 3). The dominant genotype in no- 
aphid populations, Sap-0, was completely absent 
from all aphid treatments, indicating low fitness in 
the presence of herbivores. The Sap-0 genotype 
had the lowest trichome density of all nonglabrous 
accessions, and as trichome production had a 
growth cost (fig. S6B), its success can explain the 
observed decrease in trichome density in the no- 
aphid populations over time (Fig. 2B). Com- 
pared to other 3C-OH chemotypes, Sap-0 also 
produces low amounts of glucosinolates, an ad- 
ditional indication that in the absence of her- 
bivores, undefended, fast-growing genotypes will 
prosper. 

Despite known epistatic interactions between 
GS-ELONG and GS-AOP (19), our data suggest 
that aphid selection acts independently on the two 
loci. The magnitude and direction of selection ex- 
erted by the two specialist aphids on GS-ELONG 
in our experiment suggest a causal link between 
the observed cline in GS-ELONG across Europe 
and the changes in the relative abundance of the 
same aphids. Although B. brassicae is numer- 
ically dominant across most of Europe, the faster- 
growing L. erysimi can inflict greater damage 
on plants and quickly dominates populations 
that are cofounded by both aphid species; thus, 
even a modest change in relative abundance could 
cause the loss of C3 populations. All plants in 
the selection experiment experienced strong 
intraspecific competition, and because growth 
rate is a good predictor of competitive ability 
(25), it is unsurprising that fast-growing plant 
genotypes were generally selected, whereas the 
slowest-growing alkenyl chemotypes were lost. 
Alkenyl chemotypes are, however, very common 
in natural populations and could be maintained 
by other herbivores, such as leaf-chewing cater- 
pillars (24). 

Ecological theory has consistently emphasized 
the role of natural enemies in maintaining diversity 
both within and among species, but convincing 
empirical evidence has been lacking. Here, we 
demonstrate that even functionally similar herbi- 
vores such as different species of aphid have the 
potential to select for specific chemotypes and 
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drive large-scale geographic patterns in plant de- 
fense profiles. It therefore seems likely that natural 
herbivore communities, with their greater variety 
of feeding styles and specializations, play a major 
role in shaping and refining the plant defenses 
observed in natural communities. 
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Targets Cancer-Inducing Activity 
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of the Microbiota 
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Jonathan J. Hansen,* Temitope O. Keku,* Anthony A. Fodor,’ Christian Jobin** 


Inflammation alters host physiology to promote cancer, as seen in colitis-associated colorectal 
cancer (CRC). Here, we identify the intestinal microbiota as a target of inflammation that 

affects the progression of CRC. High-throughput sequencing revealed that inflammation 

modifies gut microbial composition in colitis-susceptible interleukin-10—deficient (/110--) mice. 
Monocolonization with the commensal Escherichia coli NC101 promoted invasive carcinoma in 
azoxymethane (AOM)-treated //10~" mice. Deletion of the polyketide synthase (pks) genotoxic 
island from E£. coli NC101 decreased tumor multiplicity and invasion in AOM/I10~~ mice, without 
altering intestinal inflammation. Mucosa-associated pks* E. coli were found in a significantly 
high percentage of inflammatory bowel disease and CRC patients. This suggests that in mice, 
colitis can promote tumorigenesis by altering microbial composition and inducing the expansion 


of microorganisms with genotoxic capabilities. 


hronic inflammation is a well-established 
( risk factor for several cancers, including 

colorectal cancer (CRC) (/). Although the 
mechanism by which chronic intestinal inflam- 
mation leads to CRC is still unclear, numerous 
experimental studies suggest that inflammato- 
ry cells and their associated mediators such as 
interleukin-6 (IL-6), tumor necrosis factor—o, 
(TNF-a), IL-23, and reactive oxygen species form 
a microenvironment favoring the development of 
CRC, presumably by enhancing DNA damage in 
epithelial cells (2-4). 

In the colon, trillions of commensal bacteria, 
termed “the microbiota,” are in close proximity to 
a single layer of epithelial cells. A critical question 
is whether these microorganisms actively partici- 
pate in the process of carcinogenesis. We have 
previously shown that microbial status modulates 
development of colitis-associated CRC by using 
the colitis-susceptible 1/0 mouse strain (5). To 
evaluate the effect of inflammation and carcino- 
genesis on the colonic microbiota, we used Illumina 
(San Diego, California) HiSeq. 2000 sequencing 
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targeting the hypervariable V6 region of the 16S 
ribosomal RNA (rRNA) gene in mucosal biop- 
sies and stool samples of 70” and wild-type (WT) 
mice, in the presence and absence of the colon- 
specific carcinogen azoxymethane (AOM). Germ- 
free (GF) 1110 and control WT adult mice were 
transferred to specific pathogen—free (SPF) con- 
ditions for 20 weeks. During this time frame, 100% 
of 1110’ mice develop colitis; with the addition 
of AOM, 60 to 80% of mice develop colon 
tumors (5). WT mice developed neither colitis 
nor tumors (5). We first compared the luminal mi- 
crobiota between all ///0 (colitis/cancer) and 
WT mice (healthy control) and found that the mi- 
crobiota of 1/0” mice clustered apart from those 
of WT controls [analysis of similarity (ANOSIM) 
R=0.925, P=0.002] (Fig. 1A and fig. $1). The 
altered microbiota of I/10 mice showed 
reduced richness as compared with that of WT 
controls (P < 0.0001) (Fig. 1B). Analysis of 
mucosal biopsies revealed the colonic-adherent 
microbiota of AOM/1IJ0’ mice with colitis/ 
cancer clustered apart from healthy AOM/WT 
controls (fig. S2A), with alterations in microbial 
evenness but not richness (P = 0.023) (fig. S2B). 
To determine the impact of AOM on the 
microbiota in the context of inflammation, we 
compared the luminal microbiota of 1/0* mice 
with colitis with that of AOM/III0" mice with 
colitis/cancer and found that AOM treatment had 
no significant effect on luminal microbial com- 
position or richness in 1/0” mice (Fig. 1, C and 
D). These data suggest that inflammation rather 
than cancer is associated with the observed 
microbial shifts. 

We then hypothesized that inflammation- 
induced changes in microbial composition include 
the expansion of bacteria within the Proteobac- 
teria phylum because several members have been 


associated with colitis and CRC (6-9). Analysis 
of phylum-level distribution revealed that inflam- 
mation in 110’ mice was associated with signif- 
icantly increased levels of luminal Verrucomicrobia, 
Bacteroidetes, and Proteobacteria as compared 
with that of WT controls (fig. S3). Although 
Verrucomicrobia significantly differed between 
groups, this phylum is not well characterized, 
restricting detailed molecular analysis. Within 
Proteobacteria, however, the Gammaproteobacteria 
class, Enterobacteriales order, and Enterobacteriaceae 
family were all significantly more abundant in 
110” mice (Fig. 1, E to H). Because E. coli are 
members of the family Enterobacteriaceae and 
adherent-invasive E. coli have been associated 
with human inflammatory bowel disease (IBD) 
and CRC (8, /0—13), we determined by means of 
quantitative polymerase chain reaction (PCR) 
whether E. coli was more abundant in the context 
of inflammation in //10’ mice. We found that 
relative to WT mice, the luminal microbiota of 
1110" mice exhibited a ~100-fold increase in 
E. coli (Fig. 11). AOM treatment did not affect 
E. coli abundance (fig. S4A). Total bacterial 
loads between WT and J110 ‘ mice did not differ 
(fig. S4B), nor did levels of the common com- 
mensal Lactobacillus (fig. S4C). 

To determine the causative effect of commen- 
sal E. coli on CRC, we administered AOM to GF 
1110 mice mono-associated with either the com- 
mensal mouse adherent-invasive FE. coli NC101 
or the human commensal Enterococcus faecalis 
OGIRF, both of which cause aggressive colitis 
in 110" mice (14). As expected, both E. coli 
NC101 and E. faecalis mono-associated, AOM- 
treated I/J0 mice developed severe colitis (Fig. 
2A). Despite similar levels of colitis, 80% of E. coli 
mono-associated mice developed invasive muci- 
nous adenocarcinoma, whereas F. faecalis mono- 
associated mice rarely developed tumors (Fig. 2, 
B to D). Colonic cytokines involved in inflam- 
mation and carcinogenesis including //6, Tnfa, 
TIfng, Il1b, 1118, 1117, and 1123 were not signif- 
icantly different between AOM-treated E. coli 
and E. faecalis mono-associated mice (Fig. 2E, 
fig. S5, and tables S1 and 82). In addition, in- 
filtrating CD3° T cells, F4/80° macrophages, and 
Ly6B.2° monocytes and neutrophils were sim- 
ilar between AOM-treated E. coli and E. faecalis 
mono-associated mice (fig. S6). These observa- 
tions demonstrate that in addition to inflamma- 
tion, bacteria-specific factors may be required for 
the development of colitis-associated CRC. 

We hypothesized that E. coli NC101 has car- 
cinogenic capabilities not shared by E. faecalis. 
Several members of the family Enterobacteriaceae, 
including select E. coli strains of B2 phylotype, 
harbor a ~54-kb polyketide synthases ( pks) path- 
ogenicity island that encodes multi-enzymatic 
machinery for synthesizing a peptide-polyketide 
hybrid genotoxin named Colibactin (/5—/8). A 
bioinformatics Basic Local Alignment Search Tool 
(BLAST) search of the E. coli NC101 genome 
(accession NZ_AEFA00000000) revealed the 
presence of pks and the absence of other known 
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E. coli genotoxins Cif, CNF, and CDT. Using 
PCR and sequencing (/5), we detected the pks 
island in E. coli NC101 but not in E. faecalis or 
non-colitogenic E. coli K12 (Fig. 3A). To de- 
termine whether £. coli pks is associated with 
human CRC or IBD, we screened mucosa- 
associated E. coli strains isolated from colorectal 
tissue specimens of 35 patients with IBD, 21 with 
CRC, and 24 non-IBD/non-CRC controls (//). 
CRC specimens could not be obtained from IBD- 
associated CRC patients because these patients 
typically undergo colectomy upon diagnosis of 
dysplasia. Although 5 of the 24 (20.8%) non- 
IBD/non-CRC controls harbored pks" E. coli, the 
genotoxic island was detected in 14 of 35 (40%, 
P <0.05) IBD patients and in 14 of 21 (66.7%, 
P<0.001) CRC patients (Fig. 3B and table S3). 
This suggests that pks’ bacteria are associated 
with chronic intestinal inflammation and CRC 
and may affect carcinogenesis. 

To functionally link pks with the development 
of CRC, we created an isogenic pks-deficient 
E. coli NC101 strain (NC101Apks). Absence of 


Fig. 1. Inflammation alters A 
fecal microbial community 

structure. (A and B) Lumi- 

nal microbiota of 107 ver- 

sus WT mice. (A) Operational 

taxonomic unit (OTU) abun- 

dances were standardized by 

total, square root transformed, 

and assembled into a Bray 

Curtis similarity matrix to 

generate a multidimension- 

al scaling (MDS) plot, where 

in these plots each symbol ¢ 
represents the microbiota 
of an individual mouse an- 
alyzed by means of Illumina 
sequencing of 16S V6 re- 
gion. //10-~ versus WT com- 
parison is by ANOSIM, R = 1 is 
maximum dissimilarity. (B) 
Richness, mean + SEM of cage 
means, five to six cages per 
group, two to four mice per 
cage, t test. (C and D) Lumi- 
nal microbiota of AOMIL10— 
versus /10~ (C) MDS plot, 
AOM/II10~"~ versus 107 
comparison by ANOSIM. (D) 
Richness, mean + SEM of cage 
means, two to three cages per 
group, two to four mice per 
cage, t test. (E to G) Stan- 
dardized transformed abun- 
dance, median + SEM of cage 
means, five to six cages per 
group, two to four mice per 
cage, Mann Whitney U test. 
(H) MDS plot depicting lu- 
minal microbiota of /107- 
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pks did not affect bacterial growth in vitro (fig. 
S7), nor did it impair colonization capacity in 
vivo (10” to 10'° per 200 g stool pellet, four to six 
mice per group). Because pks from strains of 
extraintestinal pathogenic £. coli can elicit mam- 
malian DNA damage (/5, /6), we tested the abil- 
ity of E. coli NC101 pks to induce a DNA damage 
response. We infected the nontransformed rat in- 
testinal epithelial cell line IEC-6 with NC101 or 
NC101Apks and assessed levels of phospho- 
rylated histone H2AX (yH2AX), which is a sur- 
rogate marker of DNA damage (/9-2/). WT 
NC101 induced yH2AX in ~30% of cells, 
whereas NC101Apks induced yH2AX in <5%, 
which is a level equivalent to that induced by non- 
colitogenic E. coli K12 (Fig. 3C). Consistent with 
these results, we observed that WT NC101 in- 
duced a threefold increase in the percent of cells 
arrested in G/M phase relative to untreated and 
NC101Aphs-infected cells (Fig. 3D). These exper- 
iments demonstrate that pks alone has the capacity 
to induce DNA damage and indicate that the geno- 
toxic island does not block the initiation of DNA 
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damage response. This led us to hypothesize that 
pks would also promote tumorigenesis in vivo. 

To test this hypothesis, we mono-associated 
GF J10~ mice with E. coli NC101 or NC101Apks, 
with or without AOM treatment, and assessed 
inflammation and tumorigenesis. The absence of 
pks did not affect the severity of colonic inflam- 
mation in 1/10 mice with colitis (12 weeks with 
no AOM), or colitis/cancer (14 and 18 weeks 
with AOM) (Fig. 4A). Similarly, colon tissue pro- 
inflammatory cytokine transcripts and immune 
cell infiltration were not significantly different be- 
tween mice mono-associated with NC101 ver- 
sus NC101Apiks (figs. S8 and S9 and table S4). 
However, at both 14 and 18 weeks with AOM, 
the absence of pks was associated with significant- 
ly reduced neoplastic lesions (Fig. 4B). At 14 weeks 
with AOM, high-grade dysplasia (HGD) or inva- 
sive carcinomas were present in five of eight mice 
mono-associated with NC101, whereas only one 
of eight NC101Apks mono-associated mice de- 
veloped HGD. At 18 weeks with AOM, the ab- 
sence of pks did not affect mouse survival or 
tumor size; however, macroscopic tumor burden 
and carcinoma invasion were significantly de- 
creased (Fig. 4, C to F, and fig. S10). In addition, 
all nine NC101 mono-associated mice developed 
invasive carcinoma, with four of nine fully in- 
vading the muscularis propria and serosa. In con- 
trast, zero of nine NC101Apks mono-associated 
mice exhibited full invasion. This likely sug- 
gests that the presence of E. coli pks accelerates 
progression from dysplasia to invasive carcino- 
ma. In the absence of AOM, GF J// 0 mice 
colonized with NC101 for 21 weeks developed 
only mild dysplasia (fig. S11A). GF WT mice 
mono-associated with E. coli NC101 and treated 
with AOM developed neither inflammation nor 
dysplasia/tumors (fig. S11B), suggesting that 
this bacterium is not carcinogenic in the absence 
of inflammation. Together, these data indicate 
that the absence of pks reduces the tumorigenic 
potential of E. coli NC101 without altering co- 
lonic inflammation. 

To evaluate the impact of pks on host DNA 
damage in vivo, we measured colonocyte YH2AX* 
nuclear foci (y-foci) in AOM/I/1 0” mice mono- 
associated with NC101 versus NC101Apks for 
14 weeks (19-21). The abundance of y-foci’ 
colonocytes/crypt was significantly reduced in 
AOMIIIJ0” mice mono-associated with E. coli 
NC101Apks versus E. coli NC101 (Fig. 4G). We 
detected an 80% reduction in y-foci* colonocytes/ 
crypt in E. coli NC101 mono-associated AOM/ 
WT mice relative to E. coli NC101-associated 
AOMIIII0~ mice (Fig. 4G). This suggests that 
both host inflammation and E. coli-derived pks 
act in concert to create a host microenvironment 
that promotes DNA damage and tumorigenesis 
in AOM/II10 mice. 

Although the etiology of colitis-associated CRC 
is multifactorial, this work indicates that chronic 
inflammation targets the intestinal microbiota 
and can induce the expansion of microbes, in- 
cluding £. coli, that influence CRC in mice. The 
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Fig. 2. Colonization of germ-free mice /10”~ mice 
with E. coli (E.c.) or E. faecalis (E.f.) differentially 
affects tumorigenesis without affecting inflamma- 
tion. (A) Histologic inflammation scores, t test. (B) 
Macroscopic tumor counts; two-tailed Mann 
Whitney U rank sum test. (C) Percent of mice with 
invasive adenocarcinoma; Fisher's exact test. (D) 
Representative hematoxylin and eosin (H&E) 
histology. In (A) to (D), mean + SEM, 7 to 12 per 
group, single experiment. (E) Colonic cytokine 
mRNA expression relative to GF 1107; mean + 
SEM, four samples per group, f test. 


Fig. 3. pks* E. coli strains are associated with CRC 
and DNA damage. (A and B) PCR screen for pks (A) 
using primers targeting the left [1824 base pair 
(bp)] and right (1413 bp) ends of the pks island in 
E. coli strains NC101 and K12, and E. faecalis (E.f.), 
and (B) using primers targeting the right end and 
CIbB gene of the pks island in mucosa-associated 
E. coli isolated from human colorectal tissue speci- 
mens. Binomial test *P < 0.05, ***P < 0.001. (C and 
D) NC101 pks induces (C) yH2AX (MOI 20, 4 hours) 
in IEC-6 cells; mean + SEM, analysis of variance 
(ANOVA) + Tukey, and (D) G2 cell cycle arrest (MOI 
100, 24 hours). (A), (©), and (D) are representative 
of three experiments. 


carcinogenic effect of E. coli NC101 pks clearly 
demonstrates that genotoxic microorganisms pro- 
mote CRC in the presence of the carcinogen 
AOM in J10~* mice. It remains to be seen wheth- 
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er NC101 and other pks-harboring bacteria have 
similar effects in other models of colitis-associated 
CRC. An increased prevalence of pks" E. coli in 
IBD and CRC patients may suggest a cancer- 


promoting role in human CRC. We propose a 
model in which inflammation creates an envi- 
ronment that supports carcinogenesis through its 
effects on both the host and the microbiota. In 
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this two-hit model, inflammation targets the mi- 
crobiota to foster the expansion of bacteria with 
genotoxic potential, such as pks" bacteria. In par- 
allel, inflammation creates an opportunity for pks* 
bacteria to adhere to the colonic mucosa by de- 
creasing protective mucins and antimicrobial pep- 
tide production (22—24)—a process prevented by 
natural barrier function present in noninflamed 
WT mice. The genotoxic effect of pks requires 
bacteria-host cell contact (75, 16); thus, an en- 
vironment in which bacteria can more readily 
access the epithelium could result in increased 
delivery of the pks product Colibactin to epithe- 
lial host cells. This would explain the lack of 
cancer in pks* E. coli-associated WT mice. Al- 
though other microbes likely participate in the 
progression of CRC, our findings highlight the 
complex effects of inflammation on both micro- 
bial composition/activity and the host’s ability 
to protect itself from a dysbiotic microbiota (25). 
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Morphine Action 


Ja Wook Koo," Michelle S. Mazei-Robison, Dipesh Chaudhury,” Barbara Juarez,” Quincey LaPlant,* 
Deveroux Ferguson,” Jian Feng,” Haosheng Sun,” Kimberly N. Scobie,’ Diane Damez-Werno,” 
Marshall Crumiller,? Yoshinori N. Ohnishi,? Yoko H. Ohnishi,* Ezekiell Mouzon,? David M. Dietz,° 
Mary Kay Lobo,° Rachael L. Neve,’ Scott J. Russo,? Ming-Hu Han,” Eric J. Nestler??* 


Brain-derived neurotrophic factor (BDNF) is a key positive regulator of neural plasticity, promoting, 
for example, the actions of stimulant drugs of abuse such as cocaine. We discovered a surprising 
opposite role for BDNF in countering responses to chronic morphine exposure. The suppression 
of BDNF in the ventral tegmental area (VTA) enhanced the ability of morphine to increase 
dopamine (DA) neuron excitability and promote reward. In contrast, optical stimulation of VTA 
DA terminals in nucleus accumbens (NAc) completely reversed the suppressive effect of BDNF on 
morphine reward. Furthermore, we identified numerous genes in the NAc, a major target region 
of VTA DA neurons, whose regulation by BDNF in the context of chronic morphine exposure 
mediated this counteractive function. These findings provide insight into the molecular basis of 
morphine-induced neuroadaptations in the brain's reward circuitry. 


is a positive modulator of many forms of 

neural plasticity throughout the adult ner- 

vous system (/, 2). In the context of drug addic- 
tion, BDNF is best characterized for its role in 
promoting the neural and behavioral plasticity 
induced by cocaine or other stimulants via ac- 
tions on the mesolimbic dopamine (DA) system, 
a key reward circuit in the brain, where the BDNF 
pathway is engaged in a feed-forward loop that 
promotes further actions of stimulant drugs (3-8). 
Opiates also act on the ventral tegmental area 
(VTA) and nucleus accumbens (NAc) to produce 
reward acutely and addiction chronically. How- 
ever, there are differences in the cellular actions 
of opiates versus stimulants on this reward circuit. 
Stimulants promote DA signaling in the NAc pri- 
marily by acting on DA terminals in this region to 
increase extracellular DA levels. In contrast, opiates 
promote DA signaling to the NAc by inhibiting 
local y-aminobutyric acid (GABA) interneurons 
in the VTA, which then disinhibit (activate) VTA 
DA neurons (9); opiates also act via DA-independent 
mechanisms (/0). Chronic opiates induce some 
unique biochemical and morphological alterations 
in the VTA. Although the effect of opiates on BDNF 
expression in the VTA is inconsistent (/0—/2), 
opiates down-regulate intracellular BDNF signaling 
cascades and reduce the soma size of VTA DA 
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neurons (/3—/6), effects not seen with stimulants. 
Some of these biochemical and morphological 
changes in the VTA are reversed by direct adminis- 
tration of BDNF into this brain region (/3, /6). This 
suggests that, opposite to the situation for cocaine 
and other stimulants, opiate and BDNF actions 
might converge by producing counteractive effects 
on VTA DA neurons. This led us to hypothesize an 
antagonistic role for endogenous BDNF-TrkB sig- 
naling in modulating adaptive responses of the 
VTA-NAc pathway to chronic opiate exposure. 

We first demonstrated that chronic morphine, 
whether given to mice by subcutaneous pellets or 
intermittent intraperitoneal injections, decreased 
BDNF expression in the VTA (fig. S1). Next, we 
examined the role of BDNF-TrkB signaling in 
the VTA-NAc in morphine action by performing 
morphine-conditioned place preference (CPP), 
which provides an indirect measure of drug re- 
ward. Morphine doses were selected on the basis 
of an initial dose-response analysis (fig. $2). In- 
fusion of an adeno-associated virus (AAV) vector 
encoding Cre recombinase fused to green flu- 
orescent protein (GFP) (AAV-CreGFP) into the 
VTA of mice homozygous for bdnf or trkB genes 
flanked by loxP sites [floxed BDNF (fIBDNF) 
or floxed TrkB (flTrkB) mice] produced highly 
localized CreGFP expression in this brain region 
(fig. S3A). This induced a 40 to 60% reduction of 
BDNF or TrkB mRNA levels in the VTA, as com- 
pared with control animals injected with AAV-GFP 
(fig. S3, B and C). Localized knockdown of BDNF 
enhanced the rewarding effect of morphine at 
both subthreshold doses [5 mg per kilogram of 
body weight (mg/kg); fig. S3D] and higher doses 
(15 mg/kg; Fig. 1A) as compared with AAV-GFP 
controls. Equivalent effects were seen for local 
VTA knockdown of TrkB (Fig. 1B, 15 mg/kg). 
There were no differences in baseline preference 
scores before conditioning among the flBDNF 
and flTrkB groups. 

Because the viral-mediated knockdown proce- 
dure affects both DA and non-DA VTA neurons, 
we used a complementary approach to knock out 


TrkB selectively from DA neurons by crossing 
flTrkB mice with DA transporter (DAT)—Cre mice 
(TrkB"™; DAT”) (17). Selective ablation of 
TrkB from DA neurons in 74B";DAT"™ mice 
increased morphine reward (Fig. 1C). There were 
no differences in baseline or morphine CPP 
among several control groups examined, which 
included wild-type mice (7 1kBY™ DAT Man, floxed 
control mice (TrkB™™DAT™", and Cre control 
mice (TikBY’";DAT’™”), indicating that the in- 
crease in morphine reward seen upon selective 
TrkB ablation in DA neurons does not result from 
allele-specific effects. In contrast, a single intra- VTA 
infusion of BDNF (0.25 ig per side) decreased 
morphine CPP as compared with vehicle-infused 
control animals (Fig. 1D). 

BDNF synthesized in VTA DA neurons can 
undergo anterograde transport and release in the 
NAc to activate TrkB receptors on NAc neurons 
(18). We therefore tested the effect on morphine 
reward of localized deletion of TrkB receptors in 
the NAc of flTrkB mice and of intra-NAc in- 
fusions of BDNF (1.0 ug per side). In contrast to 
the VTA, TrkB knockdown (Fig. 1E) and BDNF 
infusion (Fig. 1F) in the NAc had no effect on 
morphine CPP. It is thus local BDNF signaling in 
VTA DA neurons that is responsible for the reg- 
ulation of morphine reward. 

We have recently shown that chronic mor- 
phine decreases the expression of certain K* 
channels in the VTA, such as kcnab2, kcnj2, and 
girk3, and that such adaptations are associated 
with increased excitability of DA neurons (/4). 
Viral-mediated BDNF knockdown in the VTA 
similarly suppressed mRNA levels of these and 
some additional K* channels (fig. S4A). These 
findings raise the possibility that morphine in- 
creases VTA DA neuron excitability via down- 
regulation of BDNF and the subsequent reduction 
in K* channel expression. To test this hypothesis, 
we obtained extracellular single-unit recordings 
from VTA DA neurons in three groups of anesthe- 
tized mice: controls, chronic morphine, and chronic 
morphinetintra-VTA BDNF-infused (Fig. 2A). Con- 
sistent with previous ex vivo findings from brain 
slices (/4), morphine increased the in vivo spon- 
taneous firing rates of VTA DA neurons by 44%. 
Intra-VTA infusion of BDNF normalized. this 
morphine-induced firing rate increase (Fig. 2B). 
Analysis of burst phasic firing, which substan- 
tially increases DA release as compared to single- 
spike tonic firings (19, 20), revealed that overall 
bursting events were increased by chronic mor- 
phine and restored by intra-VTA BDNF (Fig. 2, 
C and D; fig. S4, B and C). Conversely, localized 
VTA BDNF knockdown alone (in morphine-naive 
mice) increased the spontaneous burst firing of 
DA neurons (Fig. 2, G to I). 

Next, we studied possible ionic mechanisms 
underlying these changes, using standard whole- 
cell voltage-clamp recordings. Different compo- 
nents (peak and sustained) of K* currents in VIA 
DA neurons were reduced by morphine treat- 
ment, which were blocked by intra- VTA BDNF 
(Fig. 2, E and F). These data demonstrate that 
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morphine and BDNF differentially regulate K* 
currents in these neurons, which is consistent with 
our molecular findings above. The ability of 
chronic morphine to excite VTA DA neurons 
may be mediated via decreased AKT signaling 
(14), which would be an expected downstream 
consequence of the withdrawal of BDNF sup- 
port. Prior work suggested as well that down- 
regulation of BDNF signaling in the VTA would 
excite VTA DA neurons further by reducing 
GABAag receptor responses, also downstream of 
reduced AKT signaling (2/). Our findings dem- 
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onstrate that BDNF additionally controls the in- 
trinsic excitability of VTA DA neurons via altered 
K* channel expression, and thereby opposes 
morphine-induced DA neuron excitability through 
a homeostatic scaling mechanism (22, 23). 
Given these direct links between VTA BDNF 
expression and VTA DA neuron excitability in 
morphine action, we next determined whether 
BDNF-regulated activity of VTA DA neurons is 
important for BDNF’s influence on behavioral 
responses to morphine. We stereotaxically deliv- 
ered AAV-ChR2 (channel rhodopsin)-EYFP 
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Fig. 1. Effects of BDNF-TrkB signaling within the VTA-NAc on morphine reward. Localized knockout (KO) of 
BDNF (A) or TrkB (B) from VTA neurons enhances morphine CPP [15 mg/kg, subcutaneous (sc)]. Student's 
t test, *P < 0.05, n = 8 to 12 mice. (C) DAT-Cre/flTrkB (7rkB’“:DAT"™) mice also displayed enhanced 
morphine CPP [10 mg/kg, intraperitoneal (ip)]. One-way analysis of variance (ANOVA), Fisher's protected 
least significant difference (PLSD) post-hoc test, *P < 0.05 compared to controls; *P < 0.05 compared 
with TrkB’“;DAT" mice, n = 6 to 11 mice. (D) A single infusion of BDNF into the VTA (0.25 wg per 
side) suppressed morphine CPP (15 mg/kg, sc). PBS, phosphate-buffered saline. t test, *P < 0.05, n = 7 or 
8 mice. (E) Localized TrkB KO in the NAc and (F) intra-NAc BDNF infusion (1.0 ug per side) had no effect 


on morphine CPP (15 mg/kg, sc), n = 8 or 9 mice. 
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(enhanced yellow fluoresceent protein) or AAV- 
EYFP into the mouse VTA as described (24). 
Two to 3 weeks later, when AAV expression was 
maximal, we infused BDNF into the VTA and 
implanted cannulae in the NAc for optical fiber 
placement (Fig. 3A and fig. SSA). Animals were 
studied 1 week later. 86% of ChR2-EYFP- 
positive cells in the VTA colocalized with TH, 
a marker of DA neurons (fig. SSB). ChR2-EYFP 
immunoreactivity in the NAc colocalized with 
DAT, a marker of DA nerve terminals (Fig. 3, B 
to D), but not with GAD67 (Fig. 3, E to G) or 
VGLUT2 (Fig. 3, H to J), markers of GABA or 
glutamate terminals, respectively, showing selec- 
tive expression of ChR2-EYFP in DA nerve 
terminals in the NAc. Mice that expressed AAV- 
ChR2-EYFP or AAV-EYFP in the VTA were 
studied in the morphine CPP model by 
conditioning them with subthreshold morphine 
doses (10 mg/kg) plus 20-Hz phasic pulses de- 
livered to the NAc in one chamber, and with 
saline and no light in the opposite chamber. In 
non—BDNF-infused animals, this optogenetic pro- 
tocol induced significant morphine CPP in mice 
expressing ChR2-EYFP but not EYFP alone 
(Fig. 3K). Such stimulation also completely pre- 
vented the inhibitory effect of intra7-VTA BDNF 
infusion on morphine CPP (Fig. 3K, compare to 
Fig. 1D and fig. S6A). In this model, light stimu- 
lation of DA terminals in NAc, at 20 Hz or several 
other frequencies, in the absence of morphine did 
not induce a CPP regardless of intra- VTA BDNF 
infusion (fig. S6, C to E). The effect of light 
stimulation was mediated by D1 DA receptors in 
the NAc, because intra-NAc injection of a D1 re- 
ceptor antagonist (SCH 23390, 1 ug), at a dose 
known to be behaviorally active (25, 26), com- 
pletely blocked the ability of light stimulation to 
enhance morphine CPP regardless of intra-VTA 
BDNF infusion (Fig. 3L). In contrast, intra-NAc 
injection of behaviorally active doses (27-29) of a 
D2 (eticlopride, 1 or 4 ug) or glutamate [6,7- 
nitroquinoxaline-2,3-dione (DNQX), | or 4 ug; or 
6-nitro-7-sulfamoylbenzo[/]quinoxaline-2,3-dione 
(NBQX), 400 ng] receptor antagonist had no 
effect (fig. S7). These data demonstrate that 
BDNF impairment of morphine reward can be res- 
cued by phasic stimulation of the VTA-NAc DA 
pathway, specifically through D1 receptors in the 
NAc. This is consistent with evidence showing 
that DA released by burst-like phasic firing selec- 
tively binds to D1 receptors (79, 30). In contrast to 
the NAc, optical stimulation of DA terminals in 
the medial prefrontal cortex had no effect on mor- 
phine CPP (fig. S8). 

We investigated the downstream conse- 
quences of VTA BDNF and chronic morphine 
on gene expression in the NAc. We performed 
microarray analysis on the NAc from mice in 
which VTA BDNF was virally knocked down, 
with half of the animals then treated chronically 
with morphine. We identified clusters of NAc 
genes that are regulated by morphine or by knock- 
down of VTA BDNF and analyzed interactive ef- 
fects between the two to investigate the molecular 
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mechanisms underlying BDNF regulation of mor- 
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and zbtb16 (31-34). We also found a significant- 
ly greater transcriptional effect of chronic mor- 
phine in the NAc of mice lacking BDNF in the 
VTA: About three times more genes (151 versus 
46) were regulated by morphine in VTA BDNF 
knockdown mice than in control mice (fig. S9, A 
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this increase was prevented by the deletion of 
BDNF in the VTA (Fig. 4, D and E). 

To directly test whether alterations in sox1/ 
expression in the NAc influence morphine re- 
ward, we generated an AAV vector that expresses 
a short-hairpin RNA (shRNA) against sox// to 
knock it down in the NAc selectively and a herpes 
simplex virus (HSV) vector to overexpress sox// 
in this region (fig. S1OA). After first validat- 
ing the AAV-shRNA-Sox11 vector in cultured 
Neuro2A cells (fig. S10, B and C), we demon- 
strated that intra-NAc infusion of this vector re- 
duced sox// expression in the NAc (fig. S10D). 
In contrast, intra-NAc infusion of HSV-Sox11 


Fig. 4. Morphine-regulated NAc gene expression 
after VTA BDNF deletion: Identification of NAc me- 
diators of BDNF-morphine interactions. Microarray 
analysis was performed on the NAc of sham- and 
morphine-pelleted mice under control or VTA 
BDNF knockdown conditions. (A) Heat map of up- 
regulated (red) or down-regulated (green) NAc 
genes upon knockdown of VTA BDNF. (B) Heat 
map of up- or down-regulated NAc genes by 
morphine regardless of knockdown of VTA BDNF. 
(C) Venn diagrams of genes that were regulated by 
morphine (red) or by knockdown of VIA BDNF 
(blue), and of genes that were regulated by 
morphine and knockdown of VTA BDNF in an 
interactive manner (green). (D to G) Alterations of 
s0x11 [(D) and (E)] and gadd45qg [(F) and (G)] ex- 
pression in the NAc from a heat map of microarray 
analysis [(D) and (F)] and RT-PCR (RT-PCR) vali- 
dation [(E) and (G)]. One-way ANOVA for RT-PCR 
validation, Fisher's PLSD test, *P < 0.1, *P < 0.05, 
***P < 0.001 compared to sham+AAV-GFP con- 
trols; *P < 0.1, *P < 0.05, *#*P < 0.001 compared 
to sham+AAV-CreGFP mice, n = 9 to 12 mice. (H) 
Reduction of sox11 expression using AAV-shRNA- 
Sox11 increases morphine CPP (10 mg/kg, sc). Fisher's 
PLSD test, *P < 0.05 compared with AAV-GFP 
controls; “P < 0.05 compared with AAV-scrambled 
controls, n = 11 or 12 mice. (I) Sox11 overexpres- 
sion in NAc using HSV-Sox11 decreases morphine 
CPP (15 mg/kg, sc). t test, *P < 0.05, n = 8 mice. 
(J) Enhancement of morphine reward (15 mg/kg, 
sc) induced by knockdown of VTA TrkB is counter- 
acted by sox11 overexpression in the NAc. Fisher's 
PLSD test, *P < 0.05 compared with HSV-tomato 
(TMT) (NAc)+AAV-GFP (VTA) controls; #P < 0.05 com- 
pared with HSV-TMT (NAc)+AAV-CreGFP (VTA) mice. 
(K) Enhancement of morphine reward (12.5 mg/kg, 
sc) induced by knockdown of VTA TrkB is further en- 
hanced by gadd45q overexpression in the NAc. Fisher's 
PLSD test, *P < 0.05 compared to HSV-GFP-+AAV-GFP 
controls; *P < 0.05, *#P < 0.001 compared to HSV- 
Gadd45g+AAV-CreGFP. 
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robustly augmented sox/7 mRNA levels in this 
region (fig. S1OE). We observed that AAV-shRNA- 
Sox11 in the NAc increased morphine reward: A 
subthreshold dose of morphine (10 mg/kg) induced 
significant CPP, an effect not seen in animals treated 
with control AAV-GFP or AAV-scrambled shRNA 
vectors (Fig. 4H). Conversely, HSV-Sox11 in the 
NAc decreased CPP to a higher dose of morphine 
(15 mg/kg) as compared to HSV-tomato—infused 
control animals (Fig. 41). Furthermore, the ability 
of locally knocking down BDNF-TrkB signaling 
in the VTA to enhance morphine’s rewarding 
effects was completely normalized upon HSV- 
mediated sox// overexpression in the NAc (Fig. 


Genes regulated by morphine x VTA BDNF knockdown 


4J). No changes were observed in baseline levels 
of place preference in these experiments. 
Another gene implicated in these interactions by 
our microarray data is gadd45g, a stress-responsive 
immediate early gene, which is involved in DNA 
repair, cell growth arrest, and apoptosis (37). Here, 
gadd45g gene expression levels were more robust- 
ly and consistently suppressed in the NAc by 
chronic morphine in mice with deletion of VTA 
BDNF (Fig. 4, F and G). We then tested whether 
such regulation of gadd45g expression in the NAc 
influences the rewarding effects of morphine 
using HSV-Gadd45g that we developed and 
validated for gadd45g overexpression (fig. S11). 
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HSV-Gadd45¢ infusion into the NAc of normal 
mice did not affect the rewarding actions of a 
moderate dose of morphine (12.5 mg/kg). How- 
ever, gadd45g overexpression in the NAc of mice 
with local VTA knockdown of TrkB enhanced 
morphine CPP as compared to HSV-GFP treated 
mice (Fig. 4K). No changes were observed in base- 
line levels of place preference. 

We observed the opposite effect of BDNF-TrkB 
signaling in the VTA-NAc on morphine reward 
to that seen in earlier observations with cocaine 
and other stimulants. Prior work has shown that 
knockdown of BDNF from the VTA, or knock- 
down of BDNF or TrkB from the NAc, antagonizes 
behavioral responses to cocaine, whereas knock- 
down of TrkB in the VTA has no effect (3). These 
findings identified the NAc as the primary site of 
action of BDNF-TrkB signaling in regulating co- 
caine reward. In contrast, we show here that the 
primary site of action of BDNF-TrkB signaling 
in regulating morphine reward is the VTA, be- 
cause knockdown of either BDNF or TrkB in the 
VTA promotes behavioral responses to morphine, 
whereas knockdown of TrkB in the NAc and 
BDNF administration into the NAc were without 
effect. On the other hand, our findings that optical 
stimulation of VTA DA nerve terminals in the NAc 
completely reverses the ability of BDNF, acting 
in the VTA, to impair morphine reward demon- 
strate that BDNF’s influence on VTA DA neuron 
excitability is responsible for its behavioral effects 
reported here (fig. S12). These optogenetic exper- 
iments also identify the NAc as the key neural site 
where VTA BDNF’s influence on morphine reward 
is ultimately mediated, and we showed that this 
occurs via DA activation of D1 receptors on NAc 
neurons. For this reason, we analyzed morphine- 
induced changes in gene expression in the NAc 
as a function of VTA BDNF and demonstrated the 
importance of two genes, sox// and gadd45g, 
among numerous other putative genes regulated in 
a similar fashion, in behavioral responses to morphine 
(fig. S12). The results of the present study differ 
from those in an earlier report (70), which found 
that exogenous BDNF increases opiate reward in 
rats by altering GABA, receptor function in VTA 
GABAergic neurons (fig. S12). The different find- 
ings could be due to the different species, drug 
treatment regimens, or behavioral models used. 

Consistent with the differences in BDNF’s 
influence on cocaine versus morphine action are 
the very different ways in which the drugs ini- 
tially affect the VTA-NAc pathway. In addition, 
although opiate and stimulant drugs of abuse in- 
duce many common molecular and cellular adap- 
tations in both the VTA and NAc (38), some 
notable differences are seen as well with respect 
to synaptic plasticity (39, 40) and to VTA BDNF 
expression (fig. S1B). Further studies are now 
needed to directly investigate whether the opposite 
interactions between BDNF and stimulants versus 
opiates are related to these adaptations. Given 
the substance-specific features of drug addiction 
syndromes, it will be important to further explore 
the downstream functional consequences of the 


BDNF-stimulant feed-forward loop versus the 
BDNF-opiate negative feedback loop in addiction 
and to study how they influence polydrug use. 
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Shared Synaptic Pathophysiology 
in Syndromic and Nonsyndromic 
Rodent Models of Autism 


Stéphane J. Baudouin,* Julien Gaudias,* Stefan Gerharz,?* Laetitia Hatstatt,? Kuikui Zhou,” 
Pradeep Punnakkal,* Kenji F. Tanaka,** Will Spooren,> Rene Hen,* Chris I. De Zeeuw,””° 


Kaspar Vogt,’ Peter Scheiffele*+ 


The genetic heterogeneity of autism poses a major challenge for identifying mechanism-based 
treatments. A number of rare mutations are associated with autism, and it is unclear whether 
these result in common neuronal alterations. Monogenic syndromes, such as fragile X, include 
autism as one of their multifaceted symptoms and have revealed specific defects in synaptic 
plasticity. We discovered an unexpected convergence of synaptic pathophysiology in a nonsyndromic 
form of autism with those in fragile X syndrome. Neuroligin-3 knockout mice (a model for 
nonsyndromic autism) exhibited disrupted heterosynaptic competition and perturbed metabotropic 
glutamate receptor—dependent synaptic plasticity, a hallmark of fragile X. These phenotypes 
could be rescued by reexpression of neuroligin-3 in juvenile mice, highlighting the possibility 

of reverting neuronal circuit alterations in autism after the completion of development. 


utism comprises a heterogeneous group 
Ac neurodevelopmental disorders charac- 

terized by variations in social interactions 
and communication and the manifestation of rit- 
ualistic behaviors (/). A large number of rare 
high-impact mutations have been identified in 
autistic patients (2-4). However, most insights 
into the synaptic pathophysiology of autism are 
derived from models of monogenic syndromes, 
such as fragile X syndrome, in which about 25% 


of patients meet diagnostic criteria of autism (5). 
In fragile X, the key defect in synaptic transmis- 
sion is elevated group I metabotropic glutamate 
receptor—dependent long-term depression (mGluR- 
LTD). However, most cases of autism are non- 
syndromic, and it is unclear whether these share 
pathophysiology with fragile X. One class of non- 
syndromic forms of autism is associated with mu- 
tations in the neuroligin genes (N/gn1, -2, -3, and -4), 
which encode postsynaptic adhesion molecules 
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involved in synapse assembly (proteins NL1, -2, 
-3, and -4) (6-8). For Nign3, a R451C point mu- 
tation (7) and deletions (4, 9) have been identified 
in several patients with autism. The R451C point 
mutation results in NL3 trafficking defects (10), 
whereas the deletions remove the entire Nign3 
coding sequence (4, 9). Nign3®*°!© knockin and 
Megn3*° (KO, knockout) mice exhibit impair- 
ments in social interactions, social memory, ul- 
trasonic vocalization, and olfaction [(//, /2) but 
see (/3)]. In Nlgn3®*'© mice, synaptic transmis- 
sion is altered in the somatosensory cortex and 
hippocampus (/2, /4). However, the subcellular 
localization of NL3 protein in vivo and synaptic 
defects resulting from N/gn3 ablation are unclear 
(15, 16). To understand the pathophysiology of 
Nign3 deletions, we focused on the synaptic con- 
nectivity in the cerebellum, because cerebellar 
activation is altered in autistic patients (/7), and 
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Fig. 1. Cell type—specific synaptic localization of NL3. (A) ign3®° (Nign35P**) 
mice lack NL3 protein expression, and Nign3" mice (Nign3*10? ®°.-Pcp2"™) 
show reexpression in cerebellar lysates. (B) Mossy fiber inputs (MF) in the inner 
granular layer (IGL) are relayed to PCs via parallel fibers (PF). Climbing fibers 
(CF) form synapses directly onto the proximal PC dendritic arborization. In 


cerebellar lesions result in behavioral changes rem- 
iniscent of autism (/8, 19). Using NL3-specific 
antibodies (/6), we detected strong NL3 immune 
reactivity in the molecular layer and surrounding 
mossy fiber glomeruli of the inner granular layer 
(Fig. 1, A and B). Antibody reactivity was largely 
abolished in mutant mice carrying a STOP cas- 
sette inserted after the transcriptional start site 
(20), which resulted in a complete loss of NL3 
expression (Nign3*°) (Fig. 1A and fig. S1, A and 
B). In the inner granular layer, NL3 was detected 
at glutamatergic as well as y-aminobuyteric acid— 
responsive (GABAergic) synapses, whereas NL3 
in the molecular layer was primarily detected at 
parallel fiber synapses (Fig. 1, C and D). In the 
same preparations, we detected only little appo- 
sition of NL3 immune reactivity with markers of 
climbing fiber and interneuron synapses (fig. S1C). 
Similar observations were made in Nign3’’ mice, 
carrying a knockout allele where NL3 is selec- 
tively reexpressed in Purkinje cells (PCs) under 
the control of the tetracycline transactivator (Fig. 
1, A and B, and fig. S1D). 

Ultrastructural analysis of parallel fiber synap- 
ses in Nign3*° mice did not reveal a dramatic 
difference in several morphological parameters 
(Fig. 2A). Miniature excitatory postsynaptic cur- 
rent (mEPSC) recordings in Nign3<° PCs iden- 
tified a small but significant reduction in mEPSC 
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amplitude (Fig. 2B), whereas paired-pulse facili- 
tation of parallel fiber synapses was not detect- 
ably altered (Fig. 2C and fig. S2A). Parallel fiber 
synapses exhibit a marked LTD that is thought to 
contribute to forms of cerebellar function and 
learning [(2/) but see (22)]. Simultaneous acti- 
vation of group I mGluRs and AMPA receptors 
in the postsynaptic compartment results in pro- 
tein kinase C activation, AMPA receptor (GluA2 
subunit) phosphorylation at serine 880, and sub- 
sequent dissociation from the postsynaptic scaf- 
fold and endocytosis (2/, 23). Given the reduction 
in mEPSC amplitudes, we tested whether mGluR- 
dependent LTD was modified in Nign3*? PCs. 
In 2- to 3-month-old wild-type mice, application 
of the group I mGluR agonist DHPG resulted 
in a persistent reduction of EPSC amplitudes. No 
depression was observed in Nign3*° cerebel- 
lar slices (Fig. 2D and fig. S2B). This loss in 
mGluR-LTD may be a consequence of an im- 
paired LTD expression or an occlusion due to 
constitutive activation. We observed a twofold 
increase in basal GluA2 phosphorylation at ser- 
ine 880 in Nign3*? as compared to the wild-type. 
Upon DHPG stimulation, phospho-GluA2 levels 
were increased in wild-type but decreased in 
Nign3*° mice, probably due to mGluR-stimulated 
degradation of the phosphorylated form of GluA2 
(Fig. 2E) (24). 
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tum 
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mice, NL3 immunoreactivity is increased on PC dendrites (calbindin, 
CBP) and abolished in the IGL. (C) NL3 is apposed to vGluT1* PF boutons and 
colocalizes with mGluR1o. in CBP* spines, similar to GluD2. (D) In glomeruli, 
NL3 is detected at PSD95* and GABA-A receptor o.2* synapses and colocalizes 
with GFP* terminals in Gly72°” transgenic mice. 
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The constitutive increase in phospho-GluA2 


in the Nign3*° cerebellum indicated a gain of 


function in the synaptic plasticity pathway. Par- 
allel fiber LTD is regulated by several postsynaptic 


receptors, including GluA2, GluD2, and mGluRla 
(21). Using quantitative Western blotting, we dis- 
covered a selective increase in the mGluRla 
protein in the N/gn3*° cerebellum, whereas the 


mRNA level was unchanged (Fig. 3, A and B, 
and fig. S3; there is a similar mGluR1o, protein 
increase in the thalamus). mGluR2 and mGluR7, 
two additional metabotropic receptors expressed 
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Fig. 2. Occlusion of mGluR-LTD in Nign3®° mice. (A) PF synaptic ultrastruc- 
ture in Nign3"° mice by transmission electron microscopy (n > 4 animals, 200 
synapses per animal). (B) Cumulative distribution of mEPSCs (***P < 0.001, 
Kolmogorov-Smirnov test) and mean amplitude (n = 9 cells for wild-type and 
n= 21 cells for Mign3® mice; ***P < 0.001, Mann-Whitney test). (C) mEPSC 
inter-event intervals, paired pulse ratios (n = 9 wild-type and n = 15 Mign3*° 
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Fig. 3. Elevation of synaptic mGluR1o. levels in Mign3*° mice. (A) Quan- 
titative Western blot. Protein levels were normalized to tubulin and expressed 
relative to the wild type. (B) Quantitative Western blot of mGluR1o, GluD2, and 
GluA2/3 levels in the cerebellum (normalized to tubulin and expressed relative 
to the wild type n > 4, **P = 0.002, t test). (C) Quantitative line scan on 
cerebellar sections stained with antibodies to mGluR1o,, Homer 1, and calbindin. 
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cells). (D) mGluR-LTD induced by 10 min of 50 uM DHPG (n > 8 cells) and 
representative traces before (black) and after (red) DHPG stimulation. (E) Quan- 
titative Western blot of basal and DHPG-induced phospho-GluA2 (normalized 
to GluA2/3 protein level, n > 4 mice, *P < 0.03, t test). DHPG-induced phos- 
phorylation is expressed as the ratio of treated to untreated samples (n > 4 
mice, **P < 0.01, ¢ test). 
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(D) Line scan intensity ratios of mGluR1o/CBP and Homer1/CBP (n = 6 mice, 
1200 synapses per genotype; mGluR1a, *P = 0.04; Homer, P = 0.6; t test). 
Reexpression of NL3 in PCs restores mGluR1o level (n = 4 mice, P = 0.4). There 
was no difference in Nign1 mice (n = 6 mice, P = 0.9). (E) DHPG-induced 
phosphorylation of GluA2 expressed as the ratio of treated to untreated samples 
(normalized to GluA2/3 protein level, n > 5 mice, * P < 0.05, t test). 
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in the cerebellum, were unaltered (fig. S3B). En- 
dogenous mGluR1a and NL3 colocalized in the 
heads of Purkinje dendritic spines (Fig. 1D). In 
Negn3*° mice, synaptic mGluR1la levels were 
increased but were unaltered in the Nign1*? cer- 
ebellum (Fig. 3, C and D). This mGluR 1a dereg- 
ulation was a cell-autonomous consequence of 
NL3 loss of function, because reexpression of 
NL3 specifically in PCs (Nign3”°) reduced the 
mGluR1a protein level and its synaptic abun- 
dance back to the wild-type level (Fig. 3, B and 
D). Moreover, DHPG-induced phospho-GluA2 
signals were returned to wild-type levels in mice 
that selectively reexpressed NL3 protein in PCs 
(Nign3”©, Fig. 3B). 

We next examined whether the loss of NL3 
results in wiring alterations in the cerebellar net- 
work. In the mature cerebellum, each PC is in- 
nervated by a single climbing fiber, and synaptic 
competition between parallel fiber and climbing 
fiber inputs excludes climbing fiber inputs from 
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Fig. 4. Disrupted heterosynaptic competi- E 


tion and adult phenotypic rescue in Nign3*° 
mice. (A) vGluT2 puncta on distal PC dendritic 
tree (upper 20%, dashed line, anticarbonic 
anhydrase-related protein VIII, Car8) marked 
by green arrowheads (vGluT2* clusters per 
100 um?, n = 6 mice per genotype, **P = 
0.0023 for wild-type versus Nign3* mice, 
t test). (B) Density of CF synapses along indi- 
vidual fibers (CRF*, n > 3 mice, P = 0.6). (C) 
Evoked CF-PC transmission assessed by extra- 
cellular stimulation (n > 7 cells from > 4 
mice, **P = 0.003, tf test). (D) Counted runs, 
step times, and missed steps on the Erasmus 
ladder [n > 10, *P < 0.05, **P < 0.01, anal- 
ysis of variance (ANOVA), post hoc Tukey test]. 
The performance of Nign3”© mice over four 
training days is indistinguishable from that 
of wild-type mice (P = 0.2, ANOVA, post hoc 
Tukey test). (E) Adult reexpression of NL3. 


wild-type 


the PC distal dendrites (27, 25). In Nign3*? 
cerebella, we observed a significant invasion of 
vGluT2* terminals into the distal molecular layer 
(Fig. 4, A and B, and fig. S4A). Ectopic climb- 
ing fiber synapses were not observed in Nign I<? 
cerebella, and the expression of N/gn3 exclusively 
in PCs was sufficient to suppress ectopic synapse 
formation in Nign3”© mice. Synapse density along 
the entire length of the overshooting climbing 
fibers was unaltered, resulting in an increased to- 
tal number of climbing fiber synapses (Fig. 4, A 
and B, and fig. S4A). Consistent with this ob- 
servation, evoked climbing fiber transmission 
was elevated in the Nign3° mice (Fig. 4C; 
there is a normal regression of multi-innervation, 
fig. S4B). 

We used the Erasmus ladder (26) to explore 
motor coordination in Nign3*° mice. In this be- 
havioral assay, mice cross a ladder consisting of 
pressure sensors that measure motor output. Wild- 
type and Nign3*° mice completed the same num- 
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ber of valid runs on the ladder. Step times for 
Negn3*° mice were significantly elevated, indi- 
cating a perturbation of motor coordination (Fig. 
4D). The occurrence of missteps during ladder 
crossing was unaltered in the N/gn3“° mice and 
declined similarly as for wild-type mice over sev- 
eral days of training. NL3 expression specifically 
in PCs rescued the elevated step times progres- 
sively after several training days (Fig. 4D). Nign3”© 
mice did exhibit a higher number of missteps 
(Fig. 4D), most likely because the reexpression in 
PCs exceeds the endogenous NL3 level and re- 
sults in a gain-of-function phenotype. 

The extensive ectopic synapse formation in 
Nign3*° mice raises the question of whether such 
structural defects can be corrected after the com- 
pletion of development. We used the tetracycline 
transactivator to temporally control the reexpres- 
sion of NL3 in PCs of Nign3’© mice (Fig. 4E). 
Nign3’© mice were raised in the presence of 
doxycycline [transactivator inactive, NL3 expres- 
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Doxycycline (100 j.g/ml from embryonic day 0) was removed at P30, and mice were killed at P60. (F) (Left) Quantitative Western blot of mGluR1o. in Mign3?oa™"" 
mice (at P60, n > 5 mice, **P = 0.004). (Right) Quantification of vGluT2 ectopic puncta (at P60, n >3 mice, **P = 0.003, *P = 0.03). 
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sion off (Fig. 4E)]. At 30 days after birth (P30), 
doxycycline was removed, permitting the reex- 
pression of NL3 selectively in PCs. Reexpression 
restored wild-type mGluRloa protein levels and 
resulted in the removal of ectopic synapses from 
the distal PC dendritic tree (Fig. 4F and fig. S4, C 
and D). Therefore, neurodevelopmental pheno- 
types and ectopic synapse formation arising from 
Nign3 deletion can be corrected in the mature 
cerebellar system. 

Our results provide insight into the synaptic 
pathophysiology of a model of nonsyndromic 
autism. Phenotypes observed in Men3*' ° mice rep- 
resent a surprising parallel to the synaptic patho- 
physiology in Fmr/ and Tsc2 mutant mice (27). 
Like these syndromic autism models, Nign3<° 
mice exhibit a deregulation of mGluR-LTD. In 
the Fmr1*° mice, mGluR-LTD in the forebrain 
and cerebellar neurons is increased, and this phe- 
notype can be suppressed by reduction of group I 
mGluR activity (5, 28, 29). Nign3*° mice exhibit 
an occlusion in mGluR-LTD due to increased 
mGluR 1a expression, indicating a common core 
pathway of synaptic dysfunction. mGluRS antag- 
onists can revert cellular phenotypes in Fmr1*° 
mice and may show therapeutic benefit in some 
fragile X patients (5, 30). Our work indicates that 
group I mGluR antagonists hold promise for de- 
signing treatment strategies for nonsyndromic 
autism. Our genetic experiments in Nign3“°? mice 
reveal that not only functional alterations but also 
ectopic synapse formation can be reversed, high- 


lighting the fact that structural neurodevelopmen- 
tal phenotypes can be rescued by intervention 
after the completion of development. 
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In Monkeys Making Value-Based 
Decisions, LIP Neurons Encode Cue 
Salience and Not Action Value 


Marvin L. Leathers?’** and Carl R. Olson? 


In monkeys deciding between alternative saccadic eye movements, lateral intraparietal (LIP) neurons 
representing each saccade fire at a rate proportional to the value of the reward expected upon its 
completion. This observation has been interpreted as indicating that LIP neurons encode saccadic 
value and that they mediate value-based decisions between saccades. Here, we show that LIP neurons 
representing a given saccade fire strongly not only if it will yield a large reward but also if it will 
incur a large penalty. This finding indicates that LIP neurons are sensitive to the motivational salience 
of cues. It is compatible neither with the idea that LIP neurons represent action value nor with 

the idea that value-based decisions take place in LIP neurons. 


decisions every day. Deciding whether to 
take a drink of juice or a sip of coffee at 
breakfast is a process driven by the subjective 
value of each outcome. So is deciding whether 


F«= of us makes hundreds of value-based 
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to go to graduate school or medical school. There 
has been debate in recent years concerning the 
neural mechanisms of such decisions. This de- 
bate has pitted a goods-based account against an 
action-based account. The goods-based account 
holds that limbic areas such as orbitofrontal cor- 
tex mediate a choice between goods (juice or cof- 
fee) on the basis of their respective values and 
that the choice is translated into an appropriate 
motor command (reach for the glass or the cup) 
in parietal and dorsal frontal cortex (/—3). The 
action-based account holds that the values of 


Juice and coffee are computed in orbitofrontal 
cortex and transmitted to parietal and dorsal fron- 
tal cortex, where neurons involved in planning 
to reach for the glass and the cup become active 
in proportion to the values of juice and coffee. 
The decision then evolves through competition 
between neuronal populations representing the 
opposed action plans (4-9). The goods-based 
model is intuitive and fits with the assumption 
underlying classic behavioral economics that de- 
cisions concern anticipated outcomes as distinct 
from motor plans. However, the action-based 
model has received apparent support from single- 
neuron recording studies of the lateral intraparie- 
tal area (LIP). In monkeys making value-based 
decisions between saccade targets, LIP neurons 
representing each saccade fire early in the trial at 
a rate proportional to the reward expected upon 
its completion (J0—/4). This observation is com- 
patible with the idea that LIP neurons represent 
action value in the service of an action-based de- 
cision process. However, there is another possi- 
ble interpretation. Emotionally potent stimuli are 
salient in the sense that they automatically cap- 
ture attention (/5, /6). This is true in particular 
of stimuli associated with rewards and penalties 
(17-19). LIP neurons fire at an enhanced rate when 
attention is directed into their response fields (20). 
Thus, LIP neurons might fire strongly when a valued 
target is in the response field simply because the 
target is motivationally salient (2/, 22). 
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To distinguish between value-based and 
salience-based signals in LIP, we used a task in- 
corporating rewards and penalties (23). On each 
trial, the monkey chose between cues placed in 
and opposite the neuronal response field (Fig. 
1A). Each cue indicated that, if the monkey made 
an eye movement to its location at the end of the 
trial, a particular outcome would ensue (Fig. 
1B). The possible outcomes were large reward 
(several drops of water), small reward (one drop 
of water), small penalty (short period of ec- 
centric fixation), and large penalty (long pe- 


Fig. 1. (A) Sequence of 
events in a single trial. 
The items in each panel 
were visible to the mon- 
key with the exception 
of those depicting the re- 
sponse field (RF), gaze lo- 
cation, and saccade. (B) 
The eight cues possessed 
different associations in 
the two monkeys. Large 
and small water drops in- 
dicate large and small re- 
wards, respectively. Large 
and small lightning bolts 
indicate large and small 
penalties. (C) The monkeys 
nearly always chose opti- 
mally. The numbers indi- 
cate the percentage of 
trials on which they chose 
the better action: either 
into the RF (blue) or 
away from it (red). (D) 
Population firing rate as a 
function of time during 
trials with a large-reward 
cue in the RF and a small- 
reward cue opposite (blue) 
or vice versa (red). The mon- 
key chose the large re- 
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ward. (E) Population firing rate as a function of time during trials with a large- 
penalty cue in the RF and a small-penalty cue opposite (red) or vice versa 
(blue). The monkey chose the small penalty. Tick marks indicate 10-ms bins in 
which the difference between red and blue curves crossed an arbitrary statistical 


Fig. 2. Population firing A Reward cue in RF 
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rate under selected con- 
ditions. The cue in the 
RF predicted large (blue) 
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Consequently, value-based and salience-based 
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Fig. 3. Population activity when a cue appearing in the RF predicted a 
large penalty (blue) or a small reward (red). In all trials, the cue opposite 
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nificantly stronger when the cue in the response 
field predicted a large penalty (Fig. 1E, red fill). 
This enhancement must have depended on the 
greater motivational salience of the cue, because 
its value was low and the monkey decided to 
look away from it. 
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ificity could arise from enhanced spatial attention 
but not enhanced arousal, vigilance, or general 
motivation. 

Neurons might have responded strongly to 
large-penalty cues because, by chance, they pos- 
sessed a high degree of physical salience. There- 
fore, we gave the images different associations 
in the two monkeys. Cues predicting a large pen- 
alty in monkey | predicted a small reward in 
monkey 2 and vice versa (Fig. 1B). Nevertheless, 
in each monkey, cues predicting a large pen- 
alty elicited stronger firing than cues predict- 
ing a small reward (Fig. 3, A and B, blue fill). 
Thus, neuronal activity depended on the im- 
ages’ associated outcomes and not their physical 
attributes. 

To characterize reward- and penalty-related 
activity at the level of individual neurons, we car- 
ried out two analyses. One analysis assessed the 
impact of reward cues inside and penalty cues 
opposite the response field (Fig. 2A). Main ef- 
fects of reward size in the response field predom- 
inated (red sector of Fig. 4A). A second analysis 
assessed the impact of penalty cues inside and 
reward cues opposite the response field (Fig. 
2B). Main effects of penalty size in the response 
field predominated (green sector of Fig. 4B). We 
next generated for each neuron a reward index 
and a penalty index based on responses to cues 
in the response field. Each index ranged from 
—1 (fired only in response to “small” cue) to +1 
(fired only in response to “large” cue). Plotting 
the penalty against the reward index revealed that 
they were positively correlated across neurons 
(27) and that most points fell in the upper right 
quadrant (Fig. 4C). These points represent neu- 
rons whose activity is best explained as encoding 
the motivational salience of the cues. 

That images with greater motivational sa- 
lience elicit stronger activity in LIP fits with the 
idea that LIP constitutes a priority map in which 
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neurons representing a given visual-field location 
fire at a rate proportional to that location’s current 
draw on attention (20). Neurons in LIP respond 
strongly to physically salient images (28, 29). 
Whether they respond strongly to motivationally 
salient images has been unclear. Cues with greater 
incentive salience elicit stronger firing (22), but 
this effect is difficult to disentangle from the 
encoding of value (30, 3/). The current finding 
that cues with greater aversive salience likewise 
elicit stronger firing establishes that LIP neurons 
are indeed sensitive to motivational salience (32). 

We have shown that monkeys can make 
value-based saccadic decisions under circum- 
stances in which the early firing of LIP neurons 
does not signal action value. This finding jibes 
with prior reports indicating that neuronal activity 
in LIP is poorly correlated with target value in a 
visual foraging task (33), that inactivation of LIP 
leaves intact the ability of monkeys to make 
value-based saccadic decisions (34), and that 
neural activity indicating which reward a subject 
will choose can develop even if the subject does 
not yet know which action will be required to 
obtain it (35, 36). These observations provide 
collective support for the idea that value-based 
decisions do not depend on LIP and may instead 
depend on limbic areas, including orbitofrontal 
cortex, where neurons signal goods value begin- 
ning around 100 ms after cue onset (2, 3). 
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Network Resets in Medial Prefrontal 
Cortex Mark the Onset of 
Behavioral Uncertainty 
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Regions within the prefrontal cortex are thought to process beliefs about the world, but little is 
known about the circuit dynamics underlying the formation and modification of these beliefs. 
Using a task that permits dissociation between the activity encoding an animal's internal state and 
that encoding aspects of behavior, we found that transient increases in the volatility of activity in 
the rat medial prefrontal cortex accompany periods when an animal's belief is modified after an 
environmental change. Activity across the majority of sampled neurons underwent marked, abrupt, 
and coordinated changes when prior belief was abandoned in favor of exploration of alternative 
strategies. These dynamics reflect network switches to a state of instability, which diminishes over 
the period of exploration as new stable representations are formed. 


he ability of animals to display behavioral 
flexibility depends on an internal repre- 
sentation of the environment—a frame- 
work of beliefs shaped by experience (J—3). How 
beliefs are encoded remains unclear. Some mod- 


els posit gradual updates to the internal repre- 
sentation (4, 5); others invoke abrupt jumps, or 
resets, in representation (6-9). Such resets may 
occur after a marked environmental change has 
been detected, causing prior information to be 


discarded. A new internal representation is then 
constructed by resampling the environment. In- 
deed, sudden behavioral transitions from the 
pursuit of a single behavioral option to explora- 
tion have been described (/0, //); such findings 
suggest that prior beliefs can be abandoned in 
favor of a state of “knowing nothing.” 

The medial prefrontal cortex (mPFC) has been 
implicated in the estimation of relevant environ- 
mental statistics that guide the selection of an 
appropriate behavioral strategy. In primates and 
rodents, single mPFC neuron activity correlates 
with the outcomes of previous decisions over 
diverse time scales (/2-/6) and can change 
abruptly in response to global changes of task rules 
(/7, 18). In primates, the mPFC is required for rapid 
behavioral adaptation to changing action-outcome 
contingencies (/9); in humans, its activity cor- 
relates with the volatility of the environment—a 
parameter known to set the rate of such adaptation 
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neurons representing a given visual-field location 
fire at a rate proportional to that location’s current 
draw on attention (20). Neurons in LIP respond 
strongly to physically salient images (28, 29). 
Whether they respond strongly to motivationally 
salient images has been unclear. Cues with greater 
incentive salience elicit stronger firing (22), but 
this effect is difficult to disentangle from the 
encoding of value (30, 3/). The current finding 
that cues with greater aversive salience likewise 
elicit stronger firing establishes that LIP neurons 
are indeed sensitive to motivational salience (32). 

We have shown that monkeys can make 
value-based saccadic decisions under circum- 
stances in which the early firing of LIP neurons 
does not signal action value. This finding jibes 
with prior reports indicating that neuronal activity 
in LIP is poorly correlated with target value in a 
visual foraging task (33), that inactivation of LIP 
leaves intact the ability of monkeys to make 
value-based saccadic decisions (34), and that 
neural activity indicating which reward a subject 
will choose can develop even if the subject does 
not yet know which action will be required to 
obtain it (35, 36). These observations provide 
collective support for the idea that value-based 
decisions do not depend on LIP and may instead 
depend on limbic areas, including orbitofrontal 
cortex, where neurons signal goods value begin- 
ning around 100 ms after cue onset (2, 3). 
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Regions within the prefrontal cortex are thought to process beliefs about the world, but little is 
known about the circuit dynamics underlying the formation and modification of these beliefs. 
Using a task that permits dissociation between the activity encoding an animal's internal state and 
that encoding aspects of behavior, we found that transient increases in the volatility of activity in 
the rat medial prefrontal cortex accompany periods when an animal's belief is modified after an 
environmental change. Activity across the majority of sampled neurons underwent marked, abrupt, 
and coordinated changes when prior belief was abandoned in favor of exploration of alternative 
strategies. These dynamics reflect network switches to a state of instability, which diminishes over 
the period of exploration as new stable representations are formed. 


he ability of animals to display behavioral 
flexibility depends on an internal repre- 
sentation of the environment—a frame- 
work of beliefs shaped by experience (J—3). How 
beliefs are encoded remains unclear. Some mod- 


els posit gradual updates to the internal repre- 
sentation (4, 5); others invoke abrupt jumps, or 
resets, in representation (6-9). Such resets may 
occur after a marked environmental change has 
been detected, causing prior information to be 


discarded. A new internal representation is then 
constructed by resampling the environment. In- 
deed, sudden behavioral transitions from the 
pursuit of a single behavioral option to explora- 
tion have been described (/0, //); such findings 
suggest that prior beliefs can be abandoned in 
favor of a state of “knowing nothing.” 

The medial prefrontal cortex (mPFC) has been 
implicated in the estimation of relevant environ- 
mental statistics that guide the selection of an 
appropriate behavioral strategy. In primates and 
rodents, single mPFC neuron activity correlates 
with the outcomes of previous decisions over 
diverse time scales (/2-/6) and can change 
abruptly in response to global changes of task rules 
(/7, 18). In primates, the mPFC is required for rapid 
behavioral adaptation to changing action-outcome 
contingencies (/9); in humans, its activity cor- 
relates with the volatility of the environment—a 
parameter known to set the rate of such adaptation 
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(5). Activity patterns in the mPFC are consistent 
with them representing an animal’s belief about the 
environment’s governing rules: In essence, the 
mPFC encodes multiple parameters associated 
with the structure of a task (20-22), including 
those that can only be inferred using its internal 
representation (23). But it remains unclear how 
ensemble activity in the mPFC changes during 
a period of uncertainty, when animals have suf- 
ficient evidence to reject an existing set of beliefs. 

We examined mPFC neural ensemble dy- 
namics in a rat behavioral task designed not only 
to provide a readout of the transition to explora- 
tion but also to enable us to distinguish activity 
encoding internal beliefs from activity encoding 
sensation, perception, or behavioral output. In this 
task, an uncued change in outcome probability 
causes a state of uncertainty that manifests itself 
as a decreased resolve to pursue a single 
behavioral option and an increased exploration 
of previously rejected choices (Fig. 1). Trial 
rejection rates often declined transiently after 
block transitions, prior to a switch in choice 
preference (Fig. 1B, boxed region in raw data, 
and Fig. 1D), although some transitions in choice 
preference happened without transient resam- 
pling of both trial types (fig. S1B). Reaction 


A 


times for accepted trials increased during these 
periods of decreased rejection rate, as expected 
for exploratory bouts (Wilcoxon rank sum test, 
P< 0.01 for 10 trials after versus before ac- 
ceptance change points). 

Unlike deterministic tasks, in which a rule 
change can be inferred from a single reward 
omission, detection of change in this task requires 
gradual evidence accumulation, separating in time 
the point of abrupt environmental change from 
the point of awareness. Furthermore, the sto- 
chastic nature of action-outcome association 
invariably leads animals to sample both sides. 
Thus, even after the animal has detected a change 
in the environment, analysis of changes in neural 
activity can be restricted to trials with the same 
motor output, which is important because changes 
in motor output can themselves lead to large 
changes in mPFC activity (24). In addition, at 
switches in behavioral preference, the local 
outcome probability will be constant for trials 
to the same side. This task design therefore per- 
mits us to determine whether abrupt dynamics in 
neural activity are linked to changes in the inter- 
nal state of the animal. 

Within this context, we asked whether rep- 
resentation resets occur in the mPFC when the 
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animal’s confidence in representation of task 
parameters declines. As in other prefrontal 
areas, mPFC representation of individual task 
parameters is distributed across large neuronal 
networks (2/7, 25). A sudden reset in the rep- 
resentation of the majority of task-related pa- 
rameters that should accompany a decision to 
suddenly abandon old beliefs would likely be 
revealed as a change in activity that is not only 
rapid, but also coordinated and widespread across 
the neuronal ensemble. 

We first searched for neurophysiological 
evidence of abrupt, coordinated, and widespread 
changes in neural dynamics while blind to the 
behavioral state of the animal. Retrospectively, we 
determined whether changes in neural dynamics 
correlated with behavioral state changes. During 
each recording session, we found occasions when 
unexpectedly large changes in neural activity oc- 
curred between sequential trials for many of the 
simultaneously recorded cells (see Fig. 2, A to C, 
for example and metric description). We refer to 
the 87 abrupt, coordinated, and widespread changes 
in population activity, detected across 29 recording 
sessions, as network transitions. These transitions 
could not be accounted for by instability in neural 
recordings (fig. S4), by variance in the animal’s 
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spatial trajectory (fig. S5), or by large gaps in the 
time between trials (fig. S6). 

Do these network transitions exhibit the type 
of dynamics expected when old beliefs are 
abandoned and task representations are rapidly 
reset? To determine the abruptness of the activity 
change across the network, we used a high- 
dimensional representation of the activity. With 
the state of the network on each trial represented 
as a point in this high-dimensional space, we 
asked whether points for the 10 trials covering 
the network transition fell into separable clusters, 
with the network suddenly jumping from one 
cluster to another within a single trial (Fig. 2D, 
left panel). Abrupt dynamics were evident for all 
transitions, which suggests that the associated 
network-wide activity changes occurred rapidly 
(Fig. 2D, right panel, and supplementary ma- 
terials). We next determined the fraction of neu- 
rons that displayed firing rate changes above set 


thresholds. Around the time of a network tran- 
sition, 72% of all cells displayed abrupt changes 
of at least 0.75 of their mean firing rate, and 58% 
showed changes at least equal to their mean 
firing rate (Fig. 2E), whereas the average firing 
rate of the ensemble remained unchanged 
(Fig. 2F; Wilcoxon rank sum, Z = 1.16, not 
significant). 

We next evaluated the temporal relationship 
between network transitions and rejection behay- 
ior. At occurrences of network transitions, the 
rejection rate typically declined suddenly (Fig. 3, 
A and B; Wilcoxon rank sum, Z= 6.99, P< 10 |! 
for rejection rates in the first versus the second 
5 trials of the 10-trial window around the network 
transitions; see also figs. S7 and S8). Conversely, 
behavioral segments with negative change in 
rejection rate were preferentially associated with 
network transitions for all ranges of acceptance- 
preference change, reaching significance for me- 
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dium and high ranges (Fig. 3C). Thus, network 
transitions do not mark simple changes in behav- 
ioral preference or changes in task context. Sim- 
ilarly, a decline in the rejection rate predicted 
network transitions much more accurately than 
did local changes in reward rate (fig. S9). The 
observed abrupt changes in neural activity could 
not be explained by a sudden change in behav- 
ioral output between the two trials flanking the 
network transition due to the onset of exploratory 
behavior. With the task design, the manifestation 
of a decision to resample the previously nonpre- 
ferred option had to wait for a variable number of 
trials, until that option was randomly presented 
by the computer. In fact, there was no change in 
local history for a sizable fraction of all network 
transitions, as the two flanking trials were also 
consecutive in time (25 of 87; fig. S10); thus, a 
change in the animal’s internal state remained as 
the only likely explanation. 
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Fig. 2. Network transitions in the mPFC. (A) Coordinated activity change for 5 
of 15 cells active during left-bound acceptance trials. Time is aligned to the 
three analysis points (blue, green, and red vertical lines at top, corresponding 
to colors in cartoon below) when spatial trajectories were stereotyped. Arrow 
denotes network transition. (B) Firing rate changes at each analysis point. 
Center: Dashed black lines illustrate the slopes of the firing rate; gray rect- 
angles are used for reference of x-axis scaling. Right: Absolute slopes versus 
trial. (C) Detection of network transitions. Top: Absolute firing-rate slope 
medians across the population of recorded cells [for (A)]. Bottom: Number of 
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times one would expect to see this level of firing rate change per session by 
chance. ***P < 0.005. (D) Left: Two scenarios of network state evolution. 
Upper left: Pre- and post-transition locations form tight separate clusters (red 
crosses denote centroids of clusters). Lower left: Gradual progression. Right: 
Relative ensemble distances to pre- and post-transition centroids. (E) Network 
transitions with a given fraction of ensemble displaying firing rate changes of 
>0.75 (top) or >1.0 (bottom) of mean firing rate. (F) Mean population rate 
before and after network transition (5 trials on either side). Points cluster near 
the identity line. In (D) to (F), data are shown for all 87 transitions. 
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We also examined the evolution of the dy- 
namics of the network around the time of abrupt 
transitions. A signature of an upcoming network 
transition was found in local field potentials 


(LFPs) as a transient increase in the power of 
the high-gamma (65 to 140 Hz) band during the 
feedback period (analysis time point 3) of the trial 
preceding the transition (Fig. 4A). No significant 


change in LFPs was observable at other analysis 
time points or in the theta (5 to 10 Hz) or low- 
gamma (25 to 55 Hz) bands. In contrast to the 
change in LFPs, which was highly localized in 


Fig. 3. Network transitions and the onset of exploration. (A) Two network 
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time, the dynamics of mPFC spiking activity 
around network transitions were significantly 
more complex. Average trial-to-trial variability in 
activity began to increase gradually a few trials 
after the change in reward probabilities (Fig. 4B; 
median = 17 trials). After the network transition, 
trial-to-trial variability remained elevated through- 
out the exploratory bout (Fig. 4B; 12 trials). To 
test whether the network returned to the same (or 
a similar) state after an exploratory bout, we 
computed a trial-to-trial similarity matrix for 
the ensemble state (Fig. 4C). Blocks of relative 
network stability flanked the transient period of 
increased trial-to-trial variability surrounding 
the detected network transitions (Fig. 4B). In 
the minority of cases, the two states were not 
statistically different, and in a few cases the 
network likely returned to the same state after 
the exploratory period (Fig. 4C, left). For most 
network transitions, however, the subsequent 
stable network state was significantly different 
from the preceding state (Fig. 4C, right; 65% of 
all transitions, Wilcoxon rank sum test compar- 
ing pairwise distances within and between states). 
Our findings reveal abrupt, coordinated, and 
widespread changes in neural ensemble activity 
in the mPFC as animals detect a change in their 
environment. These observed dynamics in the 
mPFC are linked to moments when an animal’s 
confidence in its estimates or beliefs about the 
task environment declines. A previous study sug- 
gested that abrupt changes in neural activity 
represent moments of sudden insight (/8). Our 
analysis did not identify a strong (if any) cor- 
relation between network transitions and mo- 
ments when trial rejection returns to a stable, 
high level. There are two plausible explanations 
for this apparent discrepancy: (i) The transitions 
seen by the earlier study reflect abrupt behav- 
ioral changes, or (ii) in a setting of stochastic 
action-outcome associations, the transition to 
confidence in the newly established beliefs (and 
the underlying activity change) is more gradual. 
The detection of a highly selective increase 
in high-gamma power in the mPFC during the 
feedback period on the trial preceding the net- 
work transition suggests that the decision to 
explore is made at that time. A recent study of 


mPFC processing in a task that required 
monkeys to search through a space of possible 
hypotheses while searching for a rewarded 
target (/7) described an increase in high-gamma 
power during the feedback period throughout 
the search process; the authors interpreted this 
increase in high-gamma power as a signature of 
the exploratory period. However, an alternative 
interpretation that explains both data sets is that 
high-gamma power in the mPFC is increased 
whenever the current hypothesis about the 
world is about to be discarded. 

The trigger for abrupt changes in mPFC net- 
work dynamics remains unclear. The coordinated 
nature of the change in mPFC activity raises the 
possibility that abrupt network reorganization is 
the result of the action of a neuromodulator, 
potentially noradrenaline (26, 27). Phasic nor- 
adrenaline release in target areas such as the 
mPFC may trigger network resets whenever rapid 
behavioral adaptation is warranted in light of un- 
expected uncertainty (6, 26-28). 

After changes in reward contingencies, the 
temporal link between network dynamics and 
behavior spans three distinct phases. The slow 
increase in neural ensemble variability during 
the first phase is associated with a period when 
evidence of environmental change is likely to 
be accumulated (/5). The subsequent abrupt 
network transition correlates with the onset of 
exploration. The final gradual return of the en- 
semble variability to baseline is associated with 
the period of exploratory sampling when new 
beliefs about task parameters are formed. Al- 
though the possibility that the internal repre- 
sentation of the environment’s governing rules 
might also be stored in other brain areas cannot 
be excluded, the tight temporal link between 
network dynamics and behavior, taken together 
with existing lesion and physiological evidence 
(5, 15, 19, 22, 23), suggests that the mPFC 
monitors or even directs the evolution of this 
representation. 
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As people live longer, the incidence of age-related diseases, such as 
Alzheimer’s disease (AD), will also increase. By 2050, the number of people 
living with AD is expected to triple in the United States alone, from 5.2 mil- 
lion up to 16 million. This potential for increased incidence of AD, as well 
as other neurodegenerative diseases such as Parkinson’s disease (PD) 
and amyotrophic lateral sclerosis (ALS), introduces a critical need for medi- 
cal breakthroughs that prevent or slow the progression of these diseases. 
Likewise, neuropsychiatric disorders such as depression and schizophrenia 
contribute to a substantial proportion of disability among both younger and 
older individuals. As a result, the field of neuroscience holds a wealth of 
career opportunities for graduate students and postdoctoral scientists now 
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and in the decades to come. By Emma Hitt 


he math is inescapable,” says Gregory Petsko, a 
researcher in neurodegenerative diseases and a 
professor of biochemistry and chemistry at Brandeis 
University, in Waltham, Massachusetts. “Unless we 
find a treatment for the prevention of the major neurodegenerative 
diseases— including Alzheimer’s, Parkinson’s, Lou Gehrig’s, and so 
forth—within the next 30 or 40 years, we’re cooked.” According to 
Petsko, the increasing problem is fueled by not only the extended 
lifespan of the population but also by the fact that people are having 
fewer children. These two factors, says Petsko, will recharacterize 
the population pyramid, such that diminishing numbers of younger 
people will be supporting an ever-increasing aging population, 
changing the pyramid into a column or even an inverted pyramid. 

According to Michael Ehlers, chief scientific officer for Pfizer Neu- 
roscience, neuroscience-related diseases are “arguably the most 
significant unmet medical need in the industrialized world.” As popu- 
lations age, the burden of Alzheimer’s disease and other dementias 
grows and is on a trajectory to consume a large percentage of all 
medical dollars, he says. “Neuropsychiatric diseases represent the 
largest cause of lost productivity and economic burden—more than 
all cancers and cardiovascular disease combined—with depression 
alone being the number one cause of disability. Yet, we have had 
very few novel therapeutics in this area for many years,” he says. 
“As our knowledge of brain function explodes, there remains a major 
need to translate these findings into a meaningful understanding of 
human brain function in health and disease.” 

Not only is there a need for therapies, but there is also a need for 
research into the underlying causes of neurodegenerative and psy- 
chiatric disorders. “For many of these disorders, we still don’t have 


“As our knowledge of brain function explodes, there 

remains a major need to translate these findings into 
a meaningful understanding of human brain function 
in health and disease.” 


effective treatments because the origin of these disorders and ways 
to target them is still under debate,” says Heinz Reichmann, presi- 
dent elect of the European Neurological Society. “We are missing a 
significantly efficacious treatment, and it will be interesting, for ex- 
ample, to determine whether the alpha-synuclein and tau proteins, 
which contribute to the pathology of Parkinson’s and Alzheimer’s, 
respectively, can be targeted to provide more effective treatments,” 
he said. 


ADDRESSING IMPORTANT NEEDS 

A key need in the field, Petsko says, will be to train physician scien- 
tists to translate basic research findings into clinical practice. Accord- 
ing to Petsko, the number of Ph.D.s that have been trained in the last 
30 years has increased dramatically, but the number of physician 
scientists has decreased somewhat. He believes that physicians 
who complete their M.D. training should be encouraged to go into 
research rather than having to enter clinical practice immediately for 
financial reasons (i.e., to pay off school loans). “There’s nothing else 
we could do that would make more of an impact,” he says. He adds 
that clinicians who also perform research may be continued> 
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more likely than basic researchers 
to understand how diseases mani- 
fest in people. “They are focused 
on the idea of cures or treatments 
in a way that many basic research- 
ers are not,” he says. “We need to 
bring smart people who are broad- 
ly trained into the field.” 

J. Timothy Greenamyre, pro- 
fessor and vice-chair of neurol- 
ogy at the University of Pittsburgh 
Medical Center and director of 
the American Parkinson Disease 
Association Advanced Center for 
Parkinson’s Disease Research at the Pittsburgh Institute for Neuro- 
degenerative Diseases, states that there is a need for students to re- 
ceive formal training in topics such as “The Neurobiology of Human 
Disease,” in which they not only learn disease mechanisms, but also 
interact with individuals affected by these diseases to learn how the 
disease impacts patients and their families. 

Regardless of whether trainees pursue careers in academics or 
industry, says Greenamyre, most would benefit from formal train- 
ing in how basic laboratory findings are translated into diagnos- 
tics or therapeutics and from learning about topics such as the 
basics of patents and licenses, the procedures involved in con- 
ducting clinical trials, and the U.S. Food and Drug Administration 
approval process. 

Along with adequate training of clinician scientists, research fund- 
ing must also increase if sufficient headway is to be made in prevent- 
ing and/or treating the looming increase of age-related disorders. 
According to Petsko, the total amount of money spent on Alzheimer’s 
disease research is only about $500 million per year, and is much 
less for other neurodegenerative disorders. By contrast, about $2.4 
billion per year is spent on AIDS, which affects a much smaller num- 
ber of people. “AIDS provides a very valuable lesson, in that it is 
no longer considered a ‘terrible’ disease, in part, because of ad- 
vances in biomedical science,” he said. As the population ages, the 
same trend will hopefully take place in terms of increased funding in 
Alzheimer’s disease and other neurodegenerative disorders. 

According to David Nutt, president of the British Neurologic 
Association and professor at Imperial College London, in the United 
Kingdom, research opportunities exist in all areas of brain disorder 
research, but less than 10 percent of research funds are spent on 
this field even though these disorders cause about 30 percent of all 
disabilities. He suggests that people in the field should lobby for their 
discipline. 


J. Timothy Greenamyre 


SPECIFIC OPPORTUNITIES 

A recent trend in academia has been for scientists to conduct in- 
creasingly collaborative research, and neuroscience-related re- 
search is no exception. Thus, graduate students and postdocs 
who focus on expanding their knowledge base and collaborating 
with others will create more opportunities for themselves. Accord- 
ing to Greenamyre, the Pittsburgh Institute for Neurodegenerative 
Diseases was conceived and created to eliminate barriers that 
traditionally impede research on neurodegenerative (or any) dis- 
ease. “As such, it is composed of about a dozen independent lab 
groups who share open lab space, and by virtue of both archi- 
tecture and philosophy, there are no walls between lab groups,” 
he says. Lab groups from neurology, neurosurgery, continued> 
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The Massachusetts Neuroscience Consortium— 


a Collaborative Model 


An Interview with Susan Windham-Bannister, president and CEO 
of the Massachusetts Life Sciences Center 


What do you hope to accomplish with the Massachusetts 
Neuroscience Consortium? 

The Massachusetts Neuroscience Consortium is a pioneering new 
model for accelerating preclinical research, introducing academic 
researchers to the challenges of targeted research, and facilitating 
industry-academic partnerships. The pharmaceutical company spon- 
sors will have facilitated access to all of Massachusetts academic 
and research institutions and will jointly fund projects that leverage 
the basic, translational, and clinical research expertise resident in the 
state—the world’s highest density of neuroscience expertise. 

According to Congressman Chaka Fattah (D-PA), an advocate for 
neuroscience research, “This new consortium...is an exciting devel- 
opment for future advances in brain science and medicine. The con- 
sortium can provide us with the model for a major national partner- 
ship of government, the pharmaceutical industry, leading academic 
researchers, and medical schools.” 


What are the major areas of need in this field in terms of 
research that you hope to address with the consortium’s 
efforts? 

Neuroscience is a complex discipline in need of both novel ther- 
apeutic targets to treat neurological diseases as well as increased 
understanding of basic mechanisms of function. Significant break- 
throughs still elude us in this field, and millions of patients and their 
families are waiting to hear that we have developed better treatments 
for diseases such as Alzheimer’s, multiple sclerosis, Parkinson’s, 
ALS, chronic pain, and others. Interest has also been expressed 
by consortium members in projects to address the mechanisms of 
aging, cognition, and synaptic plasticity. Final priorities will be set by 
the charter members of the consortium. 


What opportunities will the consortium and other similar 
models present for students or postdocs considering a 
career in neurodegenerative disease research? 

We see the Neuroscience Consortium as an opportunity for aca- 
demic researchers—such as postdocs and graduate students—to 
build relationships with industry through funded projects and gain 
exposure to the industry style of research: short-term and results- 
oriented projects, industry standards for validation, and resources. 
These opportunities will help young researchers as they determine 
their next steps in their careers and will facilitate even more effective 
and productive collaboration between academia and industry. 

Given the cost and time involved with the development of new 
therapies, collaboration is more vital than ever in life sciences re- 
search. Traditional approaches to research and drug development 
have seen a dramatic decline in the number of new therapies moving 
through the R&D pipelines to patients. Collaboration is essential to 
accelerating R&D to make a positive impact on curing human disease 
and improving patient outcomes, especially in complex areas such as 
neuroscience. 
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pharmacology, structural biology, 
and geriatrics all work together in 
the same space and on the same 
diseases. 

Another recent effort for col- 
laboration is the Massachusetts 
Neuroscience Consortium, which 
was initiated in June 2012. Their 
goal is to accelerate preclini- 
cal research, facilitate industry- 
academic partnerships, and 
create “a pioneering new model 
that is designed to leverage the 
rich research environment in 
Massachusetts,” says Susan 
Windham-Bannister, president 
and CEO of the Massachusetts 
Life Sciences Center. The con- 
sortium brings together seven 
major industry partners who are 
willing to collaborate to develop 
significant advances in major 
neurological disorders such as 
Alzheimer’s, Parkinson’s, multiple sclerosis, and neuropathic pain. 
The companies contributing to the consortium are Abbott, Biogen 
Idec, EMD Serono, Janssen Research & Development, Merck, Pfiz- 
er, and Sunovion Pharmaceuticals (see sidebar on page 144) for 
more information about this consortium). 

For young scientists interested in translational neuroscience, pur- 
suing research in the pharmaceutical industry is particularly reward- 
ing and challenging, says Pfizer’s Ehlers, and “offers the real poten- 
tial to make discoveries that make medicines.” His advice for young 
scientists is to think broadly and look outside of traditional career 
paths. “Training programs for graduate students and postdocs can 
be quite one-dimensional, exposing trainees to the academic world 
but little else,” he says. “There is a universe of scientific opportunities 
outside of the university.” 

At Pfizer Neuroscience, Ehlers says, they look specifically for 
young scientists with a combination of strong quantitative skills and 
deep knowledge in a specific area, but also with a broad curiosity 
about all areas of biology. “We also look for people with strong com- 
munication skills and an ability to work well collaboratively in teams,” 
he says. 

Graduate students and postdocs interested in a career in this field 
should also be on the alert for global opportunities, as these dis- 
eases will afflict any modernized nation where lifespans are long. 
In Europe, says Heinz Reichmann, president elect of the European 
Neurological Society, each country has its own funding sources, both 
from industry and government, and there are many foundations that 
support research in this area. 


Alzheimer’s Association 
www.alz.org 


Atuka 
www.atuka.com 


Biogen Idec 
www.biogenidec.com 


Brandeis University 
www.brandeis.edu 


British Neurological 
Association 
www.bna.org.uk 


European Neurological 
Society 
www.ensinfo.org 


NEW TECHNOLOGIES PROVIDE HOPE 

Neurodegenerative diseases are among the most difficult to under- 
stand and treat, says Doug Williams, executive vice president of 
research and development (R&D) at Biogen Idec, a company that fo- 
cuses on neurodegenerative diseases, including multiple sclerosis, 
Alzheimer’s, and ALS. However, we are living in an era where new 
technologies such as genomic sequencing and advanced imaging 
will rapidly increase what we know about these diseases, he says. 
“By investing in translational medicine, including better neuroimag- 


FOCUS ON CAREERS 


Neuroscience 


ing and biomarker strategies, we 
will be able to make better deci- 
sions earlier in clinical develop- 
ment and improve the productiv- 
ity of our R&D efforts.” This type 
of investment, he says, “will also 
enable us to identify which pa- 
tients may be more likely to ben- 
efit from a particular therapy, to 
determine if a compound is hav- 
ing the intended biological effect 
on its target, and to detect the 
progression of a disease even in 
the absence of new symptoms.” 
Specific types of scientists who 
will be most sought after, says 
Williams, include computational 
biologists, cell biologists who 
understand modeling of hu- 
man diseases, and stem cell 
biologists. 

Jonathan Brotchie is founder 
and president of Atuka, Inc., a 
company with offices based in Canada, the United Kingdom, and 
China, that provides contract research and consultancy services for 
the biopharmaceutical industry, specifically to assist larger compa- 
nies in developing novel therapeutics and diagnostics for Parkin- 
son’s disease. 

According to Brotchie, advances may be slowed down not so 
much by a lack of ideas about drug targets and new therapies, but 
rather by a lack of understanding of the technologies and method- 
ologies required to develop and validate these ideas. “There is a 
need to develop better animal models, to recapitulate and predict 
effects of agents on the molecular pathology of the disease process, 
and also to develop better imaging and biomarker technologies to 
assess, as early and precisely as possible, drug effects in clinical 
studies,” he says. 

According to Brotchie, job opportunities are likely to be plentiful 
at small companies that develop and use cutting-edge technology 
and capabilities. For example, a PET imaging company, Molecular 
Neuroimaging, in New Haven, Connecticut, which provides neuro- 
imaging research services to the pharmaceutical and biotech indus- 
tries, has sprung out of academia to support drug discovery in the 
field. “These approaches are not available within the pharmaceuti- 
cal industry and are typically beyond the capabilities of academic 
groups,” Brotchie says. The picture is very different now than before, 
he adds, when industry and academia rarely overlapped, but now 
“convergence, overlap, and cross-fertilization are all part of the envi- 
ronment today for anyone who wants to define a career with a mix of 
both approaches,” he says. 

The challenge now, says Biogen Idec’s Williams, is to go beyond 
marginal improvements to making transformational changes in how 
we think about and treat neurodegenerative diseases. “We believe 
we are at the cusp of a new era when these advances will be pos- 
sible, but they will require persistence, collaboration, and passion,” 
he says. 


Massachusetts Life 
Sciences Center 
www.masslifesciences. 
com 


Molecular Neurolmaging 
www.mnimaging.com 


Pfizer Neuroscience 
www.pfizerneuroscience. 
com 


Pittsburgh Institute for 
Neurodegenerative 
Diseases 
www.neurology.upmc.edu/ 
pind 


Emma Hitt is a freelance medical and science writer residing in Marietta, 
Georgia. 
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UNIVERSITY of WASHINGTON 


DIRECTOR 
WASHINGTON NATIONAL PRIMATE RESEARCH CENTER 


The University of Washington seeks candidates for the position of Director of the Washington 
National Primate Research Center. The Director is responsible for all aspects of the leadership 
and management of the WaNPRC. The Director is responsible for assuring that the day-to-day 
operations of the Center are conducted in compliance with all applicable regulations and rules of 
applicable regulatory agencies and of the University of Washington, and in accord with the mission, 
guidelines, and reporting requirements of the National Primate Research Center Program as defined 
by the National Institutes of Health Office of Research Infrastructure Programs. 


The successful candidate will (1) possess a significant record of personal success as a scholar 
and administrator, (2) be the recipient of peer-reviewed biomedical research support, (3) meet the 
requirements for appointment to an academic department in the University, (4) have experience 
with, and value of, nonhuman primate research as a model for understanding human health, (5) have 
a thorough awareness of the national biomedical research environment 


Applicants are required to apply for the position through http://www.washington.edu/admin/ 
hr/jobs/index.html, requistion #88569, where you will be asked to submit a letter of interest and 
complete an online assessment. Priority consideration will be given to those applications received 
by November 30, 2012. 


Contact Information: 

Director Search Coordinator, Center Program Operations, WaNPRC, Box 357330, 
University of Washington, Seattle, WA 98195-7330; Email: directorsearch@wanprc.org; 
Telephone Number: 206-543-0440; Fax Number: 206-616-6771; Primate Center website: 
www.wanprc.org. 


The University of Washington is an Affirmative Action, Equal Opportunity Employer. The 
University is dedicated to the goal of building a culturally diverse and pluralistic faculty and 
staff committed to teaching and working in a multicultural environment and strongly encourages 
applications from women, minorities, individuals with disabilities and covered veterans. All 
University of Washington faculty engage in teaching, research and service. 
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W VirginiaTech 


Invent the Future UNIVERSITY 
OF NEVADA 


College of Science 
Neuroscience Faculty eReno 


As part of Virginia Tech’s expanding presence in emerging interdisciplin- 
ary programs and degrees in nanoscience, neuroscience, and computational 
science, the College of Science seeks to fill tenure-track or tenured faculty 
positions. These new faculty positions signify a continued University com- 
mitment to the importance of interdisciplinary science to help solve major 
societal challenges in energy, the environment, and health. The successful 
candidates will have the opportunity to participate in the recently launched 
College of Science Integrated Science Curriculum (www.science.vt.edu/ 
isc) which has the mission of preparing students as leaders in cutting-edge 


The Department of Biology at Nevada 
seeks tvo NEUROBIOLOGISTS at 
the assistant professor level, tenure- 
track. We have two new neuroscience 
positions in the broad areas of neuron 
cell biology and neurophysiology. 
Particular interests are integrative 
approaches, from cellular levels to 
plasticity, neural systems, and behav- 
ior. Competitive startup funds include 
support from funded NIH INBRE and 
COBRE career development grants, 


interdisciplinary science and building strong research and educational 
partnerships across its eight departments: biological sciences, chemistry, 
economics, geosciences, mathematics, physics, psychology, and statistics. 


Candidates with an emphasis on interdisciplinary research and teaching 
for a degree-granting program in neuroscience are particularly encour- 
aged to apply. Applicants are expected to have a PhD degree, MD/PhD 
or DVM/PhD degree. The successful candidate will be expected to 
establish an internationally recognized research program and be an 
effective teacher in graduate and undergraduate courses, continue devel- 
opment of scholarly activities and professional capabilities, participate 
in department, college, and university governance, and pass a criminal 
background check. Occasional travel to attend professional conferences 
is required. The candidate will have an opportunity to work closely with 
other neuroscientists currently at the Virginia Tech Carilion Research 
Institute (VTCRI). The positions are likely to be at the Assistant Profes- 
sor level, but outstanding senior candidates will be considered. Please 
visit www.science.vt.edu and click on the links under Faculty Openings. 
Consideration of applications will begin as early as December 1, 2012 
and will continue until the positions are filled. 


Virginia Tech is an AA/EEO Employer; applications from members of 
underrepresented groups are especially encouraged. 


COLLEGE OF SCIENCE 
BIOLOGICAL SCIENCES * CHEMISTRY * ECONOMICS * GEOSCIENCES 
MATHEMATICS * PHysics * PSYCHOLOGY * STATISTICS 


and excellent support facilities. Our faculty are expected to 
maintain nationally recognized, extramurally funded research 
programs, to train PhD students, and to participate in under- 
graduate teaching. The Department has 1200 Biology and 
Neuroscience majors, 50 graduate students, 24 state-funded 
faculty, and averages $4 million/yr in extramural awards. Reno 
is located in the Sierra Nevada mountains near Lake Tahoe. 
Reno was recently rated one of the best small cities in the US 
for outdoor recreation and overall quality of life. 


Go to https://www.unrsearch.com/postings/11531 to submit 
application materials, including an application letter, CV, 
research plans, teaching interests, and contact information for 
three references. Applications received by November 5, 2012 
will receive full consideration. 


Equal Employment Opportunity/Affirmative Action. Women 
and underrepresented groups are encouraged to apply. 


PRINCETON 


“4, \ Neuroscience 


INSTITUTE 


Princeton University is committed to the continued expansion and development of neuroscience on its campus. In addition to other outstanding 
resources, a newly constructed 230,000 square foot building will be opened in late summer 2013 housing state-of-the-art facilities for human brain 
imaging, cellular and circuit level imaging in non-human species, studies of non-human primates and computation modeling. These new facilities 
will support the continued growth of neuroscience at Princeton, including the three new positions described below. 


Tenured Full Professor Position 


The Princeton Neuroscience Institute invites applications for a tenured 
faculty position at the full or associate professor level, to begin on or 
after September 2013. 


Key selection criteria will be research excellence, originality of science, 
future impact on the field of neuroscience and related disciplines, and 


leadership capabilities. Applicants must have an excellent record of 


research productivity and demonstrate the ability to develop a rigorous 
research program. We seek applicants pursuing research directions with 
significant conceptual, theoretical and/or empirical integration across 
traditional disciplinary boundaries. The successful candidate will join 
the Neuroscience Institute and may also join a department appropriate 
to the individual’s background and interests, with possibilities including 
(but not limited to) Psychology, Molecular Biology, Mathematics, 
Physics, Electrical Engineering and Computer Science. Applicants 
should be prepared to teach courses both at the undergraduate and 
graduate levels in neuroscience. 


Please submit a curriculum vitae, a brief research description, and 
contact information for three references at http://jobs.princeton.edu, 
requisition #1200658. Applications will be considered on a rolling 
basis, and the search will remain open until the position is filled; 
screening of applications will begin October 31, 2012. 


Two Tenure Track Assistant Professor Positions 


The Princeton Neuroscience Institute invites applications for two tenure 
track appointments at the assistant professor level to begin on or after 
September 2013. 


Key selection criteria will be research excellence, originality of science, 
and future impact on the field of neuroscience and related disciplines. 
We seek applicants pursuing research directions with significant 
conceptual, theoretical and/or empirical integration across traditional 
disciplinary boundaries. The successful candidate will join the 
Neuroscience Institute and may also join a department appropriate to 
the individual’s background and interests, with possibilities including 
(but not limited to) Psychology, Molecular Biology, Mathematics, 
Physics, Electrical Engineering and Computer Science. Applicants 
should be prepared to teach courses both at the undergraduate and 
graduate levels in neuroscience. 


Please submit a curriculum vitae, a brief research description, and 
contact information for three references at http://jobs.princeton.edu, 
requisition #1200657. Applications will be considered on a rolling 
basis, and the search will remain open until the position is filled; 
screening of applications will begin October 31, 2012. 


FACULTY POSITIONS IN NEUROSCIENCE 
UNIVERSITY OF KENTUCKY COLLEGE OF MEDICINE 


The University of Kentucky College of Medicine invites applications 
for tenured/tenure-track faculty positions at the ASSISTANT, ASSOCI- 
ATE, and FULL PROFESSOR level as part of a college-wide initiative 
to build upon existing strength in the neurosciences. Three academic 
units including the Department of Molecular and Cellular Biochemistry, 
Sanders-Brown Center on Aging, and the Spinal Cord and Brain Injury 
Research Center have committed support for these positions. 


The successful candidates will benefit from a stimulating and collaborative 
research environment and strong graduate program. Competitive startup 
funding, salaries, and state-of-the-art facilities are available. Applicants 
should have a Ph.D. and/or M.D. and multiple years of research experi- 
ence in neuroscience or a related discipline. Applicants at the Associate 
or Full rank are expected to direct, while those at the Assistant rank 
will be expected to develop an internationally recognized, extramurally 
funded neuroscience research program, to interact with diverse faculty, 
and contribute to the further development of neuroscience as an area of 
excellence at the University of Kentucky. Translational programs that 
encompass basic and/or clinical research and focus on early mechanisms 
of disease pathogenesis are of special interest. 


Interested individuals should visit http:medicine.mc.uky.edu/ 
neuroscienceref to access the on-line faculty application and submit a 
curriculum vitae, statement of research interests and future directions, 
and the names of at least three references. Inquiries may also be sent to: 
NeuroscienceFacultySearch@uky.edu. Applications will be reviewed 
beginning November 1, 2012. 


The University of Kentucky is an Equal Opportunity Employer and 
encourages applications from minorities and women. 


NORTHWESTERN 
UNIVERSITY 


Neurobiology 
Assistant Professor 


The Department of Neurobiology, in the Weinberg College of Arts and 
Sciences, seeks to recruit a new tenure-track faculty member at the level 
of Assistant Professor. Applicants holding a Ph.D. and/or M.D. degree 
and demonstrating an outstanding record of scientific achievement will 
be considered. We are interested in individuals whose research addresses 
fundamental issues in neuroscience and who show significant potential 
for innovation, scholarship, and commitment to excellence in research 
and teaching. 


Successful candidates will be expected to establish and maintain a high- 
profile research program attracting substantial extramural funding. The 
appointee will have access to state-of-the-art life science research support 
facilities and opportunities to interact with colleagues in the Institute for 
Complex Systems, Cognitive Neurology and Alzheimer’s Disease Center, 
Center for Reproductive Science, Center for Sleep and Circadian Biology, 
Robert H. Lurie Comprehensive Cancer Center and an interdepartmental 
neuroscience graduate program with over 130 faculty. 


Applicants will submit (in PDF format) a cover letter, a CV, and a descrip- 
tion of research plans. For details on preparing the application, please visit 
www.neurobiology.northwestern.edu. Please plan to request at least 
three letters of recommendation. Applications received by November 
1, 2012 will be ensured full consideration. All other inquiries may be 
directed to Neurobiofacsearch@northwestern.edu. 


AA/EOE. Women and minority applicants are encouraged to apply. 
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Faculty Positions — Expression of Interest 


Australian Regenerative Medicine Institute 


About the Australian Regenerative Medicine Institute (ARMI) 

Monash University, the Victorian State Government and the Australian Commonwealth 
Government are investing over $AUD150m in ARMI, a new research institute for 
regenerative medicine, focused on unraveling basic mechanisms of the regenerative 
process and developing clinical applications. 


Situated on the Monash University Clayton campus in Melbourne, ARMI is a research 
Institute within the Faculty of Medicine, Nursing and Health Sciences. Working with 
multiple centres and disciplines at Monash University and the neighboring institutes and 
medical centres, ARMI is laying the groundwork for the development of future therapeutic 
approaches to traumatic injury and degenerative disease, and will pursue rapid 
commercial transfer for its technologies. 
ARMI research groups are located in new, state-of-the-art laboratories with well equipped 
common facilities creating a framework for a creative, interdisciplinary and highly interactive 
environment. A key objective of ARMI is to enhance the field of regenerative medicine by 
promoting the career opportunities for young scientists. As the headquarters of the European 
Molecular Biology Laboratories (EMBL) Australia Partner Laboratory, ARMI will also include 
at least six groups operated according to the EMBL research model and philosophy. 
About Monash University 
Monash is a young, dynamic and internationally recognised university with an established 
reputation for providing excellence in biomedical research, training and education in 
campuses around the world. Its Melbourne-based campuses are affiliated with several 
excellent hospitals. The University is highly regarded for its innovative approach to 
teaching, research and learning and our graduates are sought after by employers from 
Australia and overseas. Monash is one of the prestigious Group of Eight universities which 
are Australia’s leading research institutions. Further details about Monash University can 
be found at www.monash.edu. 
The Opportunity 
ARMI is now recruiting Faculty staff who wish to establish/relocate their research groups 
to the Institute’s new research facilities. 
We seek dynamic, independent scientists with outstanding research track records, 
demonstrated experience in fields relevant to regeneration, and a desire to work in a 
multidisciplinary environment. We encourage applicants addressing fundamental 
questions in developmental, stem cell and regenerative biology, as well as applicants 
utilising modern systems approaches to apply. Successful candidates will bring a strong 
track record for attracting independent funding and are expected to initiate and maintain 
strong research programs synergizing with the Monash research environment and to take 
active part in collaborative research. Positions are available from mid 2013. The fixed-term 
appointments will normally be for three years with extension possible upon review. 
Enquiries 
Professor Nadia Rosenthal, Director, nadia.rosenthal@monash.edu 
Professor Peter Currie, Deputy Director, peter.currie@monash.edu 
Silvio Tiziani, Chief Operating Officer, silvio.tiziani@monash.edu 
Further details are available from www.armi.org 
Application 
Please submit: 
m acover letter, curriculum vitae and list of publications 
(indicating ten most significant publications) 
m aconcise description of research interests and statement of previous research 
achievements and teaching merits 
m aresearch plan (maximum 8 pages/font 12) 
g@ afinancial plan 
@ alist of at least three reference persons. 
Closing date 
Tuesday 30 October 2012, 11.55pm Australian Eastern Standard Time 
We look forward to receiving your application! 
Advertised: 
28 September 2012 Australian Eastern Standard Time 


An Equal Opportunity Employer 


& MONASH | @3ZARMI 


© University AUSTRALIAN REGENERATIVE 


MEDICINE INSTITUTE 


Georg \ College of 
Sciences 


Tech 


EAS School Chair Search 


The Georgia Institute of Technology 
invites nominations and applications 
for Chair of the School of Earth and 
Atmospheric Sciences to begin in Fall 
2013. We seek an outstanding leader 
and scientist with an earned doctorate 
in atmospheric, earth, or space science, 
or a related discipline. Applicants 
should be full professors who are 
strongly committed to interdisciplinary 
research, undergraduate and graduate 
education, faculty/staff development, 
and administrative excellence. 
Candidates should have demonstrated 
administrative ability, outstanding 
research, and the leadership skills 
to build superior research and 
education programs. 


The School of Earth and 
Atmospheric Sciences at Georgia Tech 
is a dynamic and growing department 
with diverse research activities that 
focus on the geosphere, atmosphere, 
and biosphere. The school has 29 
tenure track faculty and 17 senior 
research faculty. It offers M.S. and 
Ph.D. degrees and has a growing 
undergraduate program. We seek a 
chair who can provide leadership for 
this growth and leverage the assets of 
Georgia Tech effectively. For further 
information about faculty research 
interests, see our web page at 
http://www.eas.gatech.edu/. 


Georgia Tech is located on an 
attractive campus in the heart of 
Atlanta, a large, diverse, and vibrant 
city. It is one of the top ranked 
educational/research institutions in 
the country and ranked as one of the 
best places to work. The new chair 
will have the opportunity to recruit 
and mentor new faculty and to forge 
new multidisciplinary interactions with 
environmental and planetary scientists 
and engineers at Georgia Tech. 


Nominations and — applications 
should be sent in a single PDF file 
to:EASchair@cos.gatech.edu. 
Applications should include a cover 
letter stating interest in the position, 
a complete curriculum vita describing 
research, teaching and administrative 
experience, and the names, addresses, 
email, and telephone numbers of five 
references. The search committee 
anticipates beginning review’ of 
applications December 15, 2012; 
however, applications will be accepted 
until the position is filled. 


Georgia Tech is a unit of the University 
System of Georgia and an Affirmative Action/ 
Equal Opportunity Employer and requires 
compliance with the Immigration Control 
Reform Act of 1986. 


IST AUSTRIA LOOKS FOR 


PROFESSORS AND 
}afSIMy AUSTRIA 
ASSISTANT PROFESSORS 


IST Austria (Institute of Science and Technology To apply online, please consult: 

Austria) invites applications for Professors and www.ist.ac.at/professor-applications 
Assistant Professors in physics, chemistry, bio- 
logy, neuroscience, earth science, mathematics, 
computer science, and interdisciplinary areas. 


Institute of Science and Technology 


Deadline for receiving Assistant Professor 
applications: December 1, 2012 
Open call for Professor applications 
The Institute, which is located on the outskirts of 

Vienna, is dedicated to basic research and graduate 

education in the natural and mathematical sciences. 

IST Austria is committed to become a world-class 

research center with 1000 scientists and doctoral 

students by 2026. The working language at IST 

Austria is English. 

The Institute recruits tenured and tenure-track leaders 

of independent research groups. The successful 

candidates will receive a substantial annual research 

budget but are expected to also apply for external 

research grants. 


IST Austria values diversity and is committed to equality. 
Female researchers are encouraged to apply. 


Vision and Change Leadership Fellows 


The Partnership for Undergraduate Life Sciences Education—NSF, NIH/ 
P U LS E NIGMS, and HHMI—is pleased to announce the 2012 PULSE Vision and 
Change Leadership Fellows. Over the next year, the forty Leadership Fellows 
will lead a national conversation to develop effective strategies for the 


sustained implementation of the Vision and Change recommendations. Go 
to www.pulsecommunity.org to join the conversation. 


Karen M. Aguirre, Coastal Carolina University - Taylor Allen, Oberlin College - Judy Awong-Taylor, Georgia Gwinnett College 
- Teresa C. Balser, University of Florida - Gita Bangera, Bellevue College - Edwin J. Barea-Rodriguez, University of Texas at 
San Antonio - Heather J. Belmont, Miami Dade College - Loretta Brancaccio-Taras, Kingsborough Community College (CUNY) 
- Richard A. Cardullo, University of California-Riverside - Jonathan R. Cumming, West Virginia University - William B. Davis, 
Washington State University - Betsy (Elizabeth) A. Desy, Southwest Minnesota State University - Alix D. Dowling Fink, Longwood 
University - Ellen S. Goldey, Wofford College - Richard J. Gonzalez, University of San Diego - Sharon B. Gusky, Northwestern 
Connecticut Community College - April L. Hill, University of Richmond - Thomas Jack, Dartmouth College : Nitya P. Jacob, Oxford 
College of Emory University - Michael Ira Kelrick, Truman State University - Karen K. Klyezek, University of Wisconsin-River 
Falls - Melanie J. Lee-Brown, Guilford College - David J. Marcey, California Lutheran University - Kate Marley, Doane College - 
Jenny L. McFarland, Edmonds Community College - Kathryn G. Miller, Washington University in St. Louis - Marcy P. Osgood, 
University of New Mexico - Joann J. Otto, Western Washington University - Pamela A. Pape-Lindstrom, Everett Community 
College - Cynthia B. Peterson, University of Tennessee - Jo Anne Powell-Coffman, Iowa State University - Todd P. Primm, Sam 
Houston State University -C. Gary Reiness, Lewis & Clark College - Sandra L. Romano, University of the Virgin Islands - Joel F. 
Schildbach, Johns Hopkins University - Whitney M. Schlegel, Indiana University Bloomington - Gina M. Semprebon, Bay Path 
College - Mary A. Smith, North Carolina A & T State University - Akif Uzman, University of Houston, Downtown - Gabriele K. 
Wienhausen, University of California, San Diego 


online @sciencecareers.org 
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UNIVERSITY OF OREGON 


Faculty Positions in Genomics, 
Bioinformatics, Statistical Genetics 


The Departments of Biology (http://biology.uoregon.edu) and Mathematics 
(http://math.uoregon.edu) at the University of Oregon announce a cluster 
hire of up to three tenure-related faculty positions in Fall 2013. One of these 
positions may be at the level of Associate or Full Professor with indefinite 
tenure. These hires are part of an integrated effort to strengthen research and 
scholarship at the nexus of statistics/mathematics and biology at the Univer- 
sity of Oregon, and will serve as a catalyst for future growth in this area. We 
are broadly interested in recruiting candidates working in areas developing 
statistical methodology related to the life sciences. Examples of these areas 
include, but are not limited to, statistical analysis of large data sets, algorithms 
for analyzing sequence data, and stochastic models for neuroscience, popula- 
tion genomics and molecular evolution. Successful candidates will bolster 
our emerging strengths in biomathematics, maintain an outstanding research 
program that focuses on solving core problems in this area, and have a com- 
mitment to excellence in teaching. Ph.D. required. Position responsibilities 
include undergraduate teaching. 


Interested persons should apply online to the MATHBIO SEARCH, University 
of Oregon at https://www.mathjobs.org/jobs/jobs/4035. Applicants should 
submit a cover letter, a curriculum vitae including a publication list, a state- 
ment of research accomplishments and future research plans, a description 
of teaching experience and philosophy, and three letters of recommendation. 
Ideally the research description and at least one of the letters of recommenda- 
tion would include descriptions of the statistical/mathematical tools or models 
used in the applicant’s research. To ensure consideration, application materials 
should be uploaded by November 15th, 2012, but the search will remain open 
until the positions are filled. 


Women and minorities are encouraged to apply. The University of Oregon 
is an Equal Opportunity/Affirmative Action Institution committed to cul- 
tural diversity and compliance with the Americans with Disabilities Act, 

and supportive of the needs of dual career couples. We invite applications 

from qualified candidates who share our commitment to diversity. 


THE UNIVERSITY OF 


TOLED 


1872 


Director, School of Biomarker Research 
& Individualized Medicine (BRIM) 


The University of Toledo College of Medicine & Life Sciences 
invites nominations and applications for the position of Director, 
School of Biomarker Research & Individualized Medicine (BRIM). Based on 
the State of Ohio designated Center of Excellence, this new interdisciplinary 
school is a strategic initiative for The University. The mission of the School of 
BRIM is to improve the human condition through biomedical innovation re- 
sulting from effective multi-disciplinary and inter-professional excellence in 
biomedical research and education with a focus towards biomarker discovery 
and personalized medicine; and distinctive entrepreneurship to bring innova- 
tions to the community. BRIM investigators represent four colleges (Medicine 
and Life Sciences; Pharmacy and Pharmaceutical Sciences; Natural Sciences 
& Mathematics; and Engineering). These 50 highly regarded scientists have 
strong funding and publication records in biomarker, biosensor and/or individ- 
ualized medicine research and account for almost $45 million in extramural 
funding over the past three years. Further, there are additional investigators who 
currently collaborate with these investigators and will interface with this school. 
The University is seeking an individual with the passion and vision to promote 
the mission of the School of BRIM at the highest level. 


The Director will provide visible leadership for BRIM; establish a strong strategy 
and implementation plan for the research, education, and economic development 
components of BRIM; provide expertise to BRIM investigators; and work with De- 
partments in multiple colleges to attract and retain strong, funded BRIM investiga- 
tors. The Director will lead new internal and external collaborations to maximize the 
potential of BRIM education, research, and economic development. 


The successful candidate will have strong track-records in biomarker-related 
basic, translational and/or clinical research; administration; education; and com- 
mercialization. A Ph.D. or M.D. degree and a minimum of three years of senior 
administrative experience are required. Demonstrated success in research and 
academic ees hip roles at the national level are also required. 


Interested candidates should submit a C.V. and a cover letter describing your 
vision for the establishment of the School of BRIM to: Director of BRIM 
Search Advisory Committee, c/o Jackie Hakius, UT College of Medicine 
& Life Sciences, 2920 Transverse Drive, Mail Stop 1034, Toledo, Ohio 
43614 or email: jacalynn.hakius@utoledo.edu. 


The University has an institution-wide commitment to diversity, inclusion, multicul- 
turalism. Applications from women and minority candidates are strongly encour- 
aged. The University of Toledo offers a competitive salary and excellent benefits, 
and is proudly an Equal Access, Equal Opportunity, Affirmative Action Employer. 


Yale University 
School of Medicine 


FACULTY POSITION AT THE JUNIOR OR 
SENIOR LEVEL 


DEPARTMENT OF CELLULAR AND 
MOLECULAR PHYSIOLOGY 


The Department of Cellular and Molecular Physiology is con- 
ducting a search for new faculty members at the junior level. 


The search seeks candidates whose research connects the prop- 
erties of molecules to the properties of physiological systems, 
with particular emphasis on integrative or translational research, 
or research that makes use of genetic techniques. 


Excellent opportunities are available for collaborative research, 
as well as for graduate and medical student teaching. Candidates 
must hold a Ph.D., M.D., or equivalent degree. Applicants should 
include a curriculum vitae, a statement of research interests and 
goals, and should arrange to have three letters of reference sent. 
Applications should be emailed to leisa.strohmaier@yale.edu 
in PDF format. 


Application Deadline: November 16, 2012 


Yale University is an Affirmative Action/Equal Opportunity 
Employer. 


THE UNIVERSITY OF TEXAS 


MD Anderson 
eareet Center 


Making Cancer History” 


Assistant/Associate 
Professor — 


Cancer Biology 


The Department of Cancer Biology has faculty 
positions available for assistant, associate and 
full professors, tenure and term tenure-track 
with demonstrated excellence in molecular 

and cellular approaches to understanding 
mechanisms of cancer progression and 
metastasis. Interests in the areas of cell 
metabolism, stromal biology and organ fibrosis 
will be considered. The department and The 
University of Texas MD Anderson provide an outstanding environment for development of 
multidisciplinary research careers. Incumbents will establish their own independent research 
rograms and are expected to write grants and manuscripts for publication. Applicants must 
ave a doctoral degree from an accredited university, postdoctoral experience and be eligible 
to apply for federal grants. 


The Department of Cancer Biology 
Debra Linzer — Unit 173 

The University of Texas 

MD Anderson Cancer Center 

PO Box 301429 
Houston, TX 77230-1429 


The successful candidate must be able to manage the day-to-day operations in a research 
aboratory; perform laboratory techniques and use sophisticated laboratory equipment; 
repare abstracts for scientific meetings and attend such meetings to exchange scientific data 
with other researchers; seek funding by writing grants; contribute data for manuscripts to 
published in peer-reviewed journals; be able to analyze data using computer software/ 
eyboard, visually proofread all data for accuracy, to manually record in handwriting the 
results of experiments and test the hypothesis of experiments; communicate both verbally 
and in writing the results and progress of planned experiments in the laboratory; ensure that 
safety standards are maintained in the laboratory according to institutional requirements; 
and read and comprehend research literature and attend seminars to be well informed on 
atest scientific developments in field of interest. 


Interested applicants should submit their current curriculum vitae, research plan, three 
letters of recommendation and reprints of 2-3 significant publications to: The Department 
of Cancer Biology, Debra Linzer - Unit 173, The University of Texas MD Anderson Cancer 
Center, PO Box 301429, Houston, TX 77230-1429. 


MD Anderson Cancer Center is an equal opportunity employer and does not discriminate on the 

basis of race, color, national origin, gender, sexual orientation, age, religion, disability or veteran status 
except where such distinction is required by law. All positions at The University of Texas MD Anderson 
Cancer Center are security sensitive and subject to examination of criminal history record information. 
Smoke-free and drug-free facility. 


SPL A 
UNIVERSIDADE DE MACAU 
UNIVERSITY OF MACAU 


International Search for Chair Professors 
and Distinguished Professors 


The University of Macau is a leading higher educational institution 
in Macao and is making strides towards becoming internationally 
recognized for its excellence in teaching, research and service to 
the community. The University is growing rapidly with a number 
of new strategic initiatives including the relocation to a new campus 
and the establishment of the largest Residential College system 
in Asia. The new campus will be 20 times larger than the present 
one with a projected increase of 40% in student intake and faculty 
size. English is the University's working language. 


We plan to develop a strong team of top-notch scholars to help us 
realize our vision. Applications are therefore invited from those 
with excellent academic achievements in the following disciplines: 


¢ Business ¢ Education 
¢ Sciences and Mathematics ¢ Law 

¢ Liberal Arts and Humanities 

¢ Engineering and Technologies 


¢ Social Sciences 
¢ Health Sciences 


Remuneration and appointment rank offered will be competitive 
and commensurate with the successful applicants' academic 
qualification, current position and professional experience. The 
current local maximum income tax rate is 12% but is effectively 
around 5% - 7% after various discretionary exemptions. 


For details about the above open positions and related information, 
please visit the following websites: 


Job vacancy website: http://www.umac.mo/vacancy 
University website: http://www.umac.mo 


Macao government website: _ http://www.gov.mo 


Applicants please state the disciplines applied for and quote the 
reference no.: ACAD/PROF/09/2013 in their application and send it 
by email or post to the below address on or before 27 October 2012. 
Review of applications will commence immediately and continue until 
the positions are filled. Other contact points are 


Human Resources Office 
University of Macau, Av. Padre Tomas Pereira, Taipa, Macau 
Website: https://isw.umac.mo/recruitment; 


Email: senior.academic@umac.mo 
Tel: +853 8397 8593 or +853 8397 8592; Fax: +853 8397 8694 


The effective position and salary index are subject to the Personnel 
Statute of the University of Macau in force. The University of 
Macau reserves the right not to appoint a candidate. 
Applicants with less qualification and experience can be offered 
lower positions under special circumstances. 


*** Personal data provided by applicants will be kept confidential and used for 
recruitment purpose only*** 


University of Macau - 
tn ‘deal place to pursue your career 


http://www.umac.mo 


The TUM Institute for Advanced Study (TUM-IAS), estab- 
lished in 2005, has become an internationally recognized 
institution dedicated to fostering advanced innovative re- 
search in Science and Technology. It is a cornerstone of 
TUM’s institutional strategy to promote top-level research 
in the Excellence Initiative by the German federal and sta- 
te governments. The institute offers an extensive Fellowship 
program, awarded strictly on the basis of excellence and vi- 
sion, giving young scientists the time and support they need 
to develop independent programs while offering established 
researchers, from industry as well as academia, the freedom 
to pursue innovative and risky research ideas. 


TUM-IAS is looking to fill the position as 


Director (m/f) 


in succession of the founding Director Professor Patrick 
Dewilde. The Director is responsible for all affairs of the TUM- 
IAS. In particular, he/she represents the TUM-IAS in relation 
to organs, boards, and institutions of TUM and elsewhere, 
oversees the organization and coordination of the Fellowship 
Program as well as further activities of the Institute, such as 
the organization of scientific events. The Director is also re- 
sponsible for the strategic development of the Institute, in 
close collaboration with its Board of Trustees. In carrying out 
these duties, the Director is supported by a professionally 
competent and highly motivated team. 


Candidates must have an outstanding scientific reputation 
as well as executive experience in a scientific institution, with 
evidence of their ability to lead a unique research institute 
where outstanding researchers come together to explore 
new scientific and technological research problems and so 
doing contribute to the intellectual life and the innovativen- 
ess of the University. Furthermore, they should have exten- 
ded leadership experience in a university environment, be 
familiar with interdisciplinary projects, have experience in 
the evaluation of programs and have developed successful 
collaborations in an international and interdisciplinary envi- 
ronment. 


Candidates should fill the requirements for appointment 
as Professor at TUM. This senior position requires full time 
commitment and will be awarded for a term of three to five 
years. It can be extended to a maximum of further three ye- 
ars and will be compensated at the level of Full Professor 
in the State of Bavaria. Re-location support for candidates 
coming from outside Germany will be provided. 


As part of the Excellence Initiative of the German federal and 
state governments, TUM has been pursuing the strategic 
goal of substantially increasing the diversity of its staff. As an 
equal opportunity, affirmative action employer, TUM explicitly 
encourages applications from women and minority groups, 
as well as others who would bring additional dimensions to 
the university‘s research and teaching missions. Preference 
will be given to disabled candidates presenting essentially 
the same qualifications. The position is open until filled. 


Enquiries and applications should be addressed to: 


Prof. Dr. Dr. h.c. mult. Wolfgang A. Herrmann 
President 

Technische Universitat Minchen 
praesident@tum.de 

Arcisstr. 21 

80333 Miinchen 


online @sciencecareers.org 
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The Department of Biology at the University 
of Nevada, Reno seeks to hire a GENOME 
BIOLOGIST at the assistant professor 
level, tenure-track. Of particular interest are 
genomic applications in non-model organ- 
isms within the context of behavior, ecology 
and evolutionary biology. Areas of expertise 
could include the study of genome structure 
and function, population and phlyogenomics, 
and epigenetics, including gene-environment 
interactions. The successful candidate is expected to maintain a 
nationally recognized, extramurally funded research program, to 
train PhD students, and to participate in undergraduate teaching. 
The Biology Department has 1200 majors, 50 graduate students, 
24 state-funded faculty, and averages $4 million/yr in extramural 
awards. Reno is located in the Sierra Nevada mountains near Lake 
Tahoe and was recently rated one of the best small cities in the 
US for outdoor recreation and overall quality of life. Go to https: 
//www.unrsearch.com/postings/11500 to submit application mate- 
rials, including an application letter, CV, research plans, teaching 
interests, and contact information for three references. Applica- 
tions received by November 5, 2012 will receive full consideration. 


The University of Nevada, Reno is committed to Equal Employment 
Opportunity/A ffirmative Action in recruitment of its students and 
employees and does not discriminate on the basis of race, color, 
religion, sex, age,creed, national origin, veteran status, physical or 
mental disability, and sexual orientation. 


Equal Employment Opportunity/Affirmative Action. Women and 
underrepresented groups are encouraged to apply. 


HOL LINGS CANCER CENTER 


A National Cancer Institute 
Designated Cancer Center 


Recruiting Scientists in 
Developmental Cancer Therapeutics 


The Hollings Cancer Center and the Medical University of South Caro- 
lina (MUSC) announce recruitment opportunities for all levels of faculty 
with an independent research focus in developmental cancer therapeutics. 
Areas of interest include new drug targets, drug sensitivity/resistance, 
mechanism of action, drug metabolism, pharmacogenomics, drug delivery, 
radiotherapeutics, etc. Faculty will be located in state-of-the-art labora- 
tories in a new building developed to focus on cancer therapeutics. The 
Hollings Cancer Center is a National Cancer Institute designated cancer 
center; MUSC holds an NIH-funded Clinical and Translational Science 
Award. There are multiple complementary shared resources (see: http: 
//academicdepartments.musc.edu/research/). 


Located on the Atlantic coast of South Carolina, Charleston boasts one 
of the nation’s most historic and picturesque downtown areas, beautiful 
beaches and international cultural events. 


Interested candidates should send their CV, a summary of future research 
plans, and three references to www.jobs.musc.edu and apply to requisi- 
tion # 048077. 
Kenneth D. Tew, Ph.D. D.Sc. 
Director Developmental Cancer Therapeutics 
Hollings Cancer Center 
Medical University of South Carolina 
Charleston, SC 29425 
tewk@musc.edu 


MUSC is an Equal Opportunity Employer, 
promoting workplace diversity. 


| SCHOOL OF MEDICINE 


| INDIANA UNIVERSITY 


Indiana University School of Medicine — Medical Sciences in 
Bloomington invites applications for 12-month tenure-track posi- 
tions in cancer biology using mammalian systems. Emphasis will be 
given to applicants focusing on cancer epigenetics. The successful 
applicants will join faculty in the Medical Sciences. Numerous 
cancer-relevant opportunities exist to develop collaborations with 
faculty in the College of Arts and Sciences (Biology, Biochemistry, 
Chemistry), the School of Informatics and Computing in Blooming- 
ton (http://www.soic.indiana.edu/), the Melvin and Bren Simon 
Cancer Center (http://www.cancer.iu.edu/), the Center for Cancer 
Systems Biology (http://motif.bmi.ohio-state.edu/cesb/), and the 
Center for Computational Biology and Bioinformatics in Indianapo- 
lis (http://www.compbio.iupui.edu/). Successful applicants must 
have a PhD, MD or MD/PhD, demonstrate a strong potential to 
establish an externally funded research program, and contribute to 
the departmental teaching mission at the undergraduate, graduate, 
or medical level. Additional information may be obtained from: 
http://bloomington.medicine.iu.edu. 


Full review of applications will commence November 1, 2012, and 
continue until the position is filled. Applicants should send a single 
PDF file containing curriculum vitae; statement of research interests 
and directions; statement of teaching philosophy; and summary of 
current and anticipated research support to cancerbi@indiana.edu. 
Three letters of reference should be sent under separate cover to 
cancerbi@indiana.edu. 


Indiana University is an Equal Opportunity/Affirmative Action 
Employer. Women and minorities are encouraged to apply. 


PRIZES 


We are pleased to open nominations 
for the 2013 Albany Medical Center 
Prize in Medicine and Biomedical Research. 


Please visit our website 
www.amc.edu/academic/albanyprize/ 
for nomination information. 
Online submission is encouraged. 


Deadline for submission is 
December 3, 2012. 


Sereymru 
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DG 
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Llywodraeth Cymru 
Welsh Government 


Announcing a £50 Million Research-Funding Opportunity 


in Wales, UK 


The Welsh Government has committed £50 million 
to the Sér Cymru programme to attract world-leading 
scientists to Wales and to support the establishment 


www.cymru.gov.uk 


e World-leading researchers, or Welsh universities, 
for prestigious Research Chairs with the possibility 
of additional funding for staff and equipment costs. 


of collaborative National Research Networks in three e Welsh research institutions to set-up National Research 


‘Grand Challenge’ research areas: 
e Life sciences and health. 


e Low carbon, energy and environment. 
e Advanced engineering and materials. 


Sér Cymru aims to increase the value of scientific 
research to the Welsh economy by developing further an 
already successful research base, increasing collaboration 
and expanding facilities and capability in Wales. 


The Opportunities 


In conjunction with Welsh research institutes, the Welsh 
Government is seeking Expressions of Interest from: 


Networks that will grow and shape the future direction 
of research in Wales. 


e High calibre individuals to become Network Directors 
to lead the National Research Networks and support 
research excellence in Wales. 


Deadline 16th November 2012 for Expressions of Interest. 


For further information about the application process 
and Expressions of Interest pro forma please visit 
www.wales.gov.uk/sercymru 


For this announcement in the medium of Welsh, 
please visit www.cymru.gov.uk/sercymru 


WG16458 


HARVARD STEM CELL 
INSTITUTE 


The Center for Regenerative Medicine 
(CRM) at Massachusetts General Hospital 
and the Harvard Stem Cell Institute invites 
applications for a tenure-track Assistant Pro- 
fessor position. Outstanding scientists in the 
field of vertebrate stem cell or regenerative 
biology will be considered. Candidates with 
a research program focused on tissue regen- 
eration, plasticity and function and who 
have a demonstrated interest in application 
to human disease are especially welcome. 
Successful candidate(s) will be members of 
the Harvard Stem Cell Institute and faculty 
of Harvard University. Candidates must 
hold a PhD and/or MD and have a history 
of innovative, interactive research. Women 
and minority candidates are urged to apply. 


Applicants should send an electronic copy of 
a (1) letter of interest, (2) research plan, (3) 
current curriculum vitae and (4) three letters 
of recommendation to Dr. David Scadden c/o 
Miklosik.Mona@mgh.harvard.edu, Center 
for Regenerative Medicine Search Com- 
mittee, Massachusetts General Hospital, 
185 Cambridge St., CPZN 4265, Boston, 
MA 02114. 


MGH is an Equal Opportunity/Affirmative 
Action Employer. 


Postdoctoral Training in Gene Regulation 
University of Texas Southwestern Medical Center at Dallas 


The faculty in the Gene Regulation Core Laboratories of the Cecil H. 
and Ida Green Center for Reproductive Biology Sciences are currently 
seeking applicants with a Ph.D. degree for an integrated and dynamic 
postdoctoral training program in gene regulation. Successful applicants 
can choose research projects with the faculty listed below. 


The research programs in the faculty members’ laboratories cover a 
broad array of topics, including signaling, gene regulation, and genome 
function, especially in the areas of chromatin, transcription, epigenetics, 
RNA biology, and nuclear endpoints of cellular signaling pathways. 
We are interested in a wide variety of model systems and experimental 
approaches, including biochemistry, molecular biology, structural 
biology, animal models, genomics, proteomics, bioinformatics, and 
computational biology. 


¢ Dr. Xiaoying Bai: Zebrafish and mammalian models to study the MEDICAL CENTER 
transcriptional mechanisms that regulate the differentiation of hema- 
topoietic stem cells, as well as epigenetic regulation affecting Pol II elongation through chromatin. 


Dr. W. Lee Kraus: Signal-regulated transcription in the chromatin environment of the nucleus, with a focus 
on the estrogen and nuclear NAD* signaling pathways, PARPs, and non-coding RNAs in mammalian bio- 
logical systems (e.g., hormone signaling, inflammation, ES cell biology, adipogenesis, and metabolism). 


Dr. Xin Liu: Interplay between the three-dimensional chromatin organization and RNA polymerase II 
transcription, focusing on the molecular and biophysical basis of chromatin loop and heterochromatin 
formation during transcriptional regulation. 


Dr. Yunsun Nam: Mechanisms underlying gene regulation by non-coding RNAs, especially those pertinent 
for development and cancer. The molecular and structural basis of substrate recognition, catalysis, and 
regulatory mechanisms for the processing of microRNAs. 


Candidates should submit a CV or resume, brief statement of interests and accomplishments, and a list of 
three references in one .pdf or .doc file by e-mail to lee.kraus@utsouthwestern.edu. The subject line should 
include the terms “Postdoctoral Training in Gene Regulation” and the body of the e-mails should indicate 
the laboratories of interest. Successful applicants will receive competitive pay and benefits commensurate 
with the applicant’s level of experience. 


UT Southwestern provides a dynamic, collaborative, and integrative research and training environment with 
state-of-the-art facilities. 


UT Southwestern is an Equal Opportunity/Affirmative Action Employer. 


online @sciencecareers.org 
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Birth Defects Research 
The University of Texas at Austin 
Dell Pediatric Research Institute 


The new Dell Pediatric Research Institute (DPRI; http://dpri.utexas.edu/) is a state-of-the-art 
medical research facility whose mission is to advance understanding of childhood diseases and 
congenital disorders. We are inviting applications for tenured or tenure-track faculty positions 
at all levels. Positions are available for individuals with research programs focused on 
neurodevelopmental disorders and genetic disorders. We are interested in candidates who use 
contemporary approaches to investigate vertebrate and human development and disorders associated 
with development. We encourage applications from MD/PhD clinician-scientists with expertise 
in medical genetics/genomics and bioinformatics. Appointments will be made in the appropriate 
academic unit within the College of Natural Sciences, College of Pharmacy, or School of Engineering. 
Positions include competitive salary and start-up packages, and laboratory space in DPRI, adjacent 
to Dell Children’s Medical Center just minutes from the UT-Austin campus. 


We seek outstanding investigators who will build active research programs, teach effectively at the 
undergraduate and/or graduate levels, and interface clinically (if appropriate) and scientifically with 
translational research opportunities at the Dell Children’s Medical Center. Successful candidates are 
eligible for affiliation with various campus-wide research institutes which provide outstanding core 
research facilities and excellent graduate programs. 


Review of applications will begin October 15, 2012 and continue until positions are filled. Please 
send a single PDF file containing a letter of application, curriculum vitae, statement of research 
interests, a one page teaching statement, and names of 3-5 references (who will not be contacted 
without the consent of the candidate) to: 
Dr. Richard Finnell 
Dell Pediatric Research Institute 
The University of Texas at Austin 
1400 Barbara Jordan Blvd. 
Austin, TX 78723 
email: rfinnell@austin.utexas.edu 


The University of Texas is an Equal Opportunity Employer. Qualified women and minorities are 
encouraged to apply. A background check will be conducted on selected applicants. 


UNIVERSITY? VIRGINIA 


FACULTY POSITION 


Biochemistry & Molecular 
Genetics 


The Department of Biochemistry & Molecular 
Genetics in the School of Medicine at the University 
of Virginia (www.virginia.edu/bmg) seeks 
candidates for a tenure-track faculty position 
(Assistant or Associate Professor). The successful 
candidates’ research should address contemporary 
problems in the biology of the nucleus, genomics 
and computational biology, with emphasis on 
processes that are important in human disease. 


Candidates must hold a Ph.D. and/or M.D. in 
Biochemistry or a related field and must have 
demonstrated the capacity to develop and/or 
maintain a high-quality independent research 
program. Applicants with outstanding credentials 
from all fields will be considered. Support will include 
attractive start-up packages, laboratory space, and 
an exceptionally interactive research environment. 


To apply, visit https://jobs.virginia.edu and search 
on Posting Number 0610723. Complete a 
Candidate Profile online, attach a cover letter, 
curriculum vitae, and statement of research interest 
(two pages or less including references). Three 
letters of recommendation should be submitted 
electronically, directly to hn6u@virginia.edu with 
the applicant's name in the subject heading. 


For additional information please contact, please 
contact Helen Norfleet-Shiflett, Department of 
Biochemistry & Molecular Genetics, via telephone 
(434) 924-1667 or email hn6u@virginia.edu. 


The University of Virginia is an Equal 
Opportunity/Affirmative employer. Women, 
minorities, veterans and persons with disabilities are 
encouraged to apply. 


Laboratory of 


Mi RC Moloculer Bidkagy 


Cambridge, UK 
Research Group Leader in Cell Biology/Biophysics 


Applications are invited for a tenure-track Group Leader to lead a new research group 
in the Cell Biology Division of the Laboratory of Molecular Biology. The LMB has an 
exceptional record of ground-breaking research, excellent resources, and outstanding 
facilities and workshops. 


We seek someone addressing fundamental questions in any area of cell biology, or developing 
methods relevant to cell biology. Approaches based on neurons, yeast, advanced imaging or 
biophysical methods are of particular interest, but the primary selection criteria are scientific 
excellence and potential for synergy with our existing research programmes. 


Applicants should hold a PhD and have an excellent publication record with outstanding 
potential for independent research. Substantial core funding will be available. 


Find out more about the LMB’s Cell Biology Division at www2.mrc-Imb.cam.ac.uk/ 
research/cb/. Informal enquiries may be made to Sean Munro (sean@mrc-Imb.cam. 
ac.uk). 


The salary for this position will be £40,527 - £43,941 per annum and will be supported by 30 
days annual leave entitlement, an optional MRC final salary pension scheme and excellent 
on-site sports and social facilities. 


This position will remain open until it is filled; applications received by 19th November 
2012 will be given priority. 

Applications should include a covering letter and full CV, an outline of current research 
interests (1 page) and a proposal for future research (up to 2 pages), along with the 
names and addresses of three referees who have agreed to be contacted prior to 
interview. Applications for this post must be made online at http://www.topcareer.jobs/ 
Vacancy/irc67447_2326.aspx. If you do not have access to the Internet, or experience 
technical difficulties, please contact 01793 867003. 


This position is subject to pre-employment screening. 
For further information about the MRC visit www.mrc.ac.uk. 
The Medical Research Council is an Equal Opportunities Employer 
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From the journal Science 


MAYO 
CLINE 


Faculty Position — Bioinformatics 


Heal the sick, advance the science, share the knowledge. 


The Division of Biomedical Statistics & Informatics in the Department of Health Sciences Research at Mayo Clinic is seeking applications for a full-time, 
institutionally funded faculty position at the Associate Consultant level in the Bioinformatics Program. The candidate will be responsible for fostering 
collaboration with investigators from the Center for Individualized Medicine (CIM) and for advancing bioinformatics research activities aligned with the needs of 
one of the prioritized research areas of CIM: i.e., Biomarker Discovery, Pharmacogenomics and Microbiome. The development and success of the Center for 
Individualized Medicine is considered a top strategic research priority by Mayo Clinic Leadership. 


The candidate should have a PhD in bioinformatics, biology, biophysics, physics or related field and at least 5 years' experience in research. He or she must 
have strong domain expertise in genomics data preprocessing, data analysis, data interpretation and data integration. The candidate should have demonstrated 
ability to develop collaboration with investigators and be able to independently and successfully initiate and develop research projects. He or she should be 
able to lead and give scientific directions to a team of support staff. The preferred candidate will have published research work on Next Generation Sequencing 
data, and should have experience preparing and submitting proposals for extramural funding, and experience presenting research findings at regional, 

national or international conferences. He or she must have proficiency in scripting language and/or programming language. Flexibility, creativity and excellent 
communication skills are required. 


This position can be based in Arizona, Florida or Minnesota. 


Mayo Clinic is a premier academic medical center with over 3,800 physicians and scientists in a unified multi-campus system. This unique environment brings 
together the best in patient care, groundbreaking research and innovative medical education. While Mayo Clinic does not offer tenured positions, our policies 
and practices demonstrate a commitment to ongoing positions. Mayo Clinic offers a highly competitive compensation package with sustained intramural 
funding, outstanding laboratory facilities, capital equipment funding, technical and computational resources and exceptional benefits. 

Scan this QR code with 


To apply and learn more, please visit www.mayoclinic.org/scientist-jobs/ and reference job posting number 6627BR. 

ei ‘ i on i ‘i your smartphone and begin 
Applications should include a cover letter, CV and a statement of research interests. Specific questions related to the posting should your job search. 
be directed to: 
Jean-Pierre Kocher, PhD ol J [=] 
Associate Professor of Medical Informatics <= 
Mayo Clinic al 
E-mail: schilbe.jennifer@mayo.edu 
Mayo Foundation is an affirmative action and equal opportunity educator and employer. Post-offer/pre-employment drug screening is required. [=] ' = 


SION MRO@INE) DEPARTMENT OF MECHANICAL ENGINEERING 
Soe PROFESSOR AND DEPARTMENT CHAIR 
UNIVERSITY cd 


The Department of Mechanical Engineering is accepting applications for the position of Department Chair and Professor, with tenure, starting ideally 
by September 1, 2013. 


The Department currently has 42 primary faculty members (35 tenured or on tenure track), with many holding secondary appointments in other depart- 
ments and divisions within the College. Undergraduate and graduate enrollments are approximately 500 and 150 respectively. ME faculty also advise 
almost 100 graduate students enrolled in programs based in other departments and the divisions. Our BS degree in ME allows for optional departmental 
concentrations in aerospace engineering and manufacturing engineering and college-wide concentrations in energy technologies, nanotechnology, and 
technology innovation. At the graduate level, the ME Department offers research and professional masters degrees in both mechanical and manufacturing 
engineering and the PhD in mechanical engineering. 


Boston University has made a long-term commitment to the development of the College of Engineering and that commitment is having results. The Col- 
lege is ranked 38th in the nation (USN& WR) and 21st in research funding per faculty. With annual expenditures of over $8 million, the ME Department’s 
research focus areas include: robotics, control, MEMS and nanotechnology, physical and biomedical acoustics, materials science and engineering, energy 
and energy systems (including thermofluid sciences), micro-fluidics, biomechanics, advanced manufacturing technologies and computational mechanics. 
The portfolio is strengthened by the department’s affiliation with the Division of Materials Science and Engineering, the Division of Systems Engineering, 
the Fraunhofer USA Center for Manufacturing Innovation, the Center for Information and Systems Engineering, and the Photonics Center. 


The successful candidate will have an earned doctorate and be internationally recognized for research excellence, leadership and scholarship in mechani- 
cal engineering or a related discipline. Additionally, s/he will have a sound vision for the future of the Department and the disciplines it represents, the 
skill to lead and advance a research-oriented department, the ability to both recruit and mentor exceptional junior faculty, and a passion for educational 
excellence at the undergraduate and graduate levels. The new Chair will be expected to oversee the hiring of multiple new faculty members over the next 
five years as one aspect of implementing their vision for the future. The Department is particularly interested in a leader who will further strengthen the 
graduate program through an environment that fosters interdisciplinary research and industry collaboration. More information on the Department can 
be found at www.bu.edu/me/ 


Applications will be considered until the search committee has identified a suitable list of viable candidates. It is unlikely that applications received after 
January 15, 2013 will be considered. Applicants should submit an electronic dossier that includes a cover letter, curriculum vitae, and the names and 
addresses of at least six references to: mechairsearch@bu.edu 


Boston University is an Equal Opportunity and Affirmative Action Employer. 
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POSITIONS OPEN 
CELL BIOLOGIST 


The Biology Department of Franklin & Marshall 
College invites applications for a two-year VISITING 
ASSISTANT PROFESSOR position in cell biology, 
beginning July 2013 (pending administrative approv- 
al). Candidates should have the Ph.D., demonstrated 
strengths in teaching and research, and broad interests 
in cell biology. Teaching responsibilities will include 
lecture and laboratory sections of a sophomore-level 
core course in cell biology, and an upper level elective 
in the candidate’s area of specialization. Franklin & 
Marshall is a small (enrollment 2,400), highly selective 
coeducational liberal arts college with a tradition of ex- 
cellence in science and student research. In 2012, the 


MONTEREY BAY AQUARIUM RESEARCH INSTITUTE 


2013 POSTDOCTORAL FELLOWSHIP PROGRAM 


Applications for the postdoctoral fellowship program at the Monterey Bay Aquarium Research Institute (MBARI) are currently 
being accepted. MBARI is dedicated to the development of state-of-the-art instrumentation, systems, and methods for 
scientific research in the oceans. Ongoing programs in marine robotics, ocean physics, chemistry, geology, and biology as 
well as information management and ocean instrumentation research and development exist at MBARI. Located in Moss 
Landing, California at the head of Monterey Bay, MBARI enjoys convenient access to diverse oceanographic environments. 
The institute operates research vessels equipped with remotely operated vehicles, autonomous underwater vehicles, and 
diverse oceanographic equipment. In addition, MBARI operates the MARS seafloor cable observatory. MBARI is a non-profit 
oceanographic research institute supported by the David and Lucile Packard Foundation. 


online @sciencecareers.org 


Offers will be made to candidates from the fields of biological, chemical, physical oceanography, marine geology, and ocean 
engineering. Candidates must be awarded the Ph.D. degree prior to commencing the two-year appointment and start during 


Science Careers 


the 2013 calendar year. Applicants are encouraged to communicate with potential research sponsors at MBARI for guidance 


on project feasibility, relevance to ongoing research projects, and resource availability 
(http;//www.mbari.org/about/postdoc_mentors.htm). 


Application deadline: Wednesday, December 12, 2012 


Selected candidates will be contacted in early March 2013. 


Application requirements: 

1. Curriculum vitae 

2. At least three professional letters of recommendation 

3. Succinct statement of the applicant's doctoral research 

4. Potential research goals at MBARI 

5. Supplemental Information online form (http://www.mbari.org/oed/jobs/forms/postdoc_form_2013.htm) 


Competitive compensation and benefits package. 
MBARI considers all applicants for employment without regard to race, 
color, religion, sex, national origin, disability, or veteran status. 


Address your application materials to: 

MBARI, Human Resources 

Job code: Postdocs-2013 

7700 Sandholdt Road, Moss Landing, CA 95039-9644 


Submit by e-mail to: jobs_postdocs@mbari.org (preferred), 
by mail, or fax to (831) 775-1620. 


EOE ¢ MBARI Welcomes Diversity 


- Memorial Sloan-Kettering 
Cancer Center 


* ¥aNap we 


The Best Cancer Care. Anywhere. 


FACULTY POSITION 
Structural Biology Program 


The Structural Biology Program of the Sloan-Kettering Institute (www.ski.edu) invites applications 
for a tenure-track faculty position at the Assistant Member level (equivalent to Assistant Professor). 
We are interested in individuals who have an outstanding record of research accomplishments. Areas 
of interest include x-ray crystallography, NMR spectroscopy, EM and optical imaging, as well as the 
interface of structural, chemical and computational biology. Faculty will be eligible to hold graduate 
school appointments in the Gerstner Sloan-Kettering Graduate School of Biomedical Sciences, the 
Weill Cornell Graduate School of Medical Sciences, as well as the Tri-Institutional MD/PhD 
Training Program. 


The deadline for applications is November 1, 2012. Interested candidates should visit http:// 
facultysearch.ski.edu to access the on-line faculty application. Please visit the site as soon as possible, 
as it contains important information on the required application materials, including deadlines for 
submission of letters of reference. 


Informal inquiries may be sent to Julie Kwan at kwanj@mskcc.org or to Dr. Nikola Pavletich, 
Chair, Structural Biology Program at pavietin@mskcc.org. 


facultysearch.ski.edu 


MSKCC is an equal opportunity and affirmative action employer committed to diversity and inclusion in all aspects of 
recruiting and employment. All qualified individuals are encouraged to apply. 


Howard Hughes Medical Institute awarded the Col- 
lege a substantial grant to encourage the development 
of future leaders in translational research and public 
health through the College’s innovative partnership 
with the Clinic for Special Children. 

The successful candidate will have the opportunity 
to participate in our interdisciplinary major programs, 
including Biochemistry & Molecular Biology and Bio- 
logical Foundations of Behavior (neuroscience and ani- 
mal behavior). Applicants should arrange to have letters 
sent from three referees, and should submit a cover 
letter, curriculum vitae, plans for actively engaging un- 
dergraduates through teaching and research, teaching 
evaluations (if available), and undergraduate and grad- 
uate transcripts. Electronic applications will not be ac- 
cepted. Priority will be given to completed applications 
received by November 16, 2012. Send applications to: 
Dr. David Roberts, Department of Biology, Franklin & 
Marshall College, P.O. Box 3003, Lancaster, PA, 
17604. Telephone: 717-291-4118; fax: 717-358-4548; 
e-mail: janice.kaufman@fandm.edu; website: http:// 
www.fandm.edu/biology. 

Franklin & Marshall College is committed to having an in- 
dusive campus community, and as an Equal Opportunity Em- 
ployer, does not discriminate in its hiring or employment practices 
on the basis of gender, race or ethnicity, color, national origin, reli- 
gion, age, disability, family or marital status, or sexual orientation. 


ASSISTANT PROFESSOR POSITION 
College of Liberal Arts and Sciences 
University of Illinois at Chicago 

The Department of Biological Sciences in the Col- 
lege of Liberal Arts and Sciences at the University 
of Illinois at Chicago (UIC) invites applications for a 
tenure-track ASSISTANT PROFESSOR position in 
Neurobiology to start August 16, 2013. Final autho- 
rization of the position is subject to availability of state 
funding. Located in the heart of Chicago, UIC is one 
of the nation’s leading urban research universities. Nu- 
merous opportunities exist for collaborative research in 
biological sciences across disciplines at UIC and with 
colleagues and institutions throughout the Chicago 
region. 

The successful candidate will establish a vigorous, 
externally funded research program, teach undergrad- 
uate neurobiology courses and participate in the grad- 
uate neuroscience training program. Applicants working 
in all areas of neurobiology are encouraged to apply. 
Neurogenetic and advanced imaging approaches to cel- 
lular or systems neurobiology are of particular interest. 
This individual will join a diverse department that in- 
vestigates a wide breadth of topics in biology, supported 
by excellent facilities and resources. Candidates must 
have a Ph.D. or equivalent, significant postdoctoral ex- 
perience, a demonstrated record of research accomplish- 
ments, and teaching experience. 

For fullest consideration, candidates must complete 
an online application and submit a curriculum vitae, re- 
search and teaching statements, and the names and 
e-mail addresses of three references at website: https:// 
jobs.uic.edu by December 1, 2012. 

Women and members of traditionally underrepresented minority 
groups are strongly encouraged to apply. The University of Illinois 
is an Affirmative Action, Equal Opportunity Employer. 


PRIZES 


fal 2013 Novartis Prizes for Immunology 


The 2013 Novartis Prizes, one for Basic Immunology and one for Clinical Immunology are awarded 
for outstanding achievements in the understanding of immunology and major immunological 
discoveries that resulted in therapeutic applications in such fields as autoimmune and 
inflammatory diseases, transplantation, cancer immunotherapy, infectious diseases, 
dermatology and asthma. For more information, please visit www.novartisimmunologyprizes.org 


The next Novartis Prizes for Immunology will be awarded at the XVth International 
Congress of Immunology in Milan, Italy in a special Award Ceremony on August 23, 2013. 


Each prize is endowed with SFr 100,000. 


Nominations in English should include a summary of the major research activities in up to 
2 pages, curriculum vitae, and a bibliography containing the most relevant publications pertaining 
to the candidate’s nomination. 


The deadline for entries is 25 January 2013. 


Nominations should be sent electronically to: novartisprizes@gmail.com 
Dr. Jan E. de Vries, Secretary of the Novartis Prizes for Immunology, P.O. Box 2501, 
La Jolla, CA, 92037, USA. 


Jury: Hidde Ploegh (Chair), Charles Dinarello, 
J Tadamitsu Kishimoto, Bernard Malissen, 


N O VA RT I S Diane Mathis, Anne O’Garra, Jan de Vries. 


eo 
Science Caree FS is the forum Science Careers is dedicated to opening new doors and 


answering questions on career topics that matter to you. 


that ANSWerS q uestions. With timely feedback and a community atmosphere, our 


careers forum allows you to connect with colleagues and 
experts to get the advice and guidance you seek as you 
pursue your career goals. 


Science Careers Forum: 
Relevant Career Topics 


>» Timely Advice and Answers 


Community, Connections, 
and More! 


Visit the forum and join 
the conversation today! Your Future Awaits. 


From the journal Science MVAAA 
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POSITIONS OPEN 


FACULTY POSITIONS IN NEUROSCIENCE 


As part of the 2nd Century Initiative at Georgia 
State University, the Neuroscience Institute (website: 
http://neuroscience.gsu.edu) and the Departments 
of Biology (website: http://biology.gsu.edu) and Psy- 


chology (website: http://www2.gsu.edu/~ wwwpsy) 


are seeking two senior faculty members in the area of 


Neurogenomics and the Molecular Basis of Behavior 
pending budgetary approval. Particular attention will 
be paid to applicants engaged in research on genetic, 
genomic, or epigenetic processes, molecular mecha- 
nisms of behavior, or behavior genetics. Researchers 
using any organism including invertebrates, vertebrate 
laboratory animals, nonhuman primates, and humans 
are welcome to apply. This research will complement 
and extend GSU’s current strengths in systems, com- 
putational, and behavioral neuroscience. Hires will be 
made at the rank of ASSOCIATE or FULL PRO- 
FESSOR, and candidates are expected to have federal 
funding for their research. 

Applications should include a full curriculum vitae, 
names and contact information for three references, 
and a letter of research interest. Applications can be 
submitted either electronically in pdf format to e-mail: 
neurogenomics@gsu.edu or in hard copy to: Chair 
of the Neuroscience Search, Neuroscience Institute, 
Georgia State University, PO Box 5030, Atlanta, 
GA 30302. 

In addition to these positions, Georgia State Uni- 
versity’s Second Century Initiative (2CI) is support- 
ing separate cluster-hiring initiatives in primate social 
cognition, neuroimaging, neuroethics, obesity, bioin- 
formatics, therapeutics, and other selected areas. For more 
information about the 2CI initiatives, see website: 
http://www.gsu.edu/secondcentury/. 

Review of applications will begin immediately and 
will continue until the positions are filled. 

For more information contact the search committee 
chair, Dr. Kim Huhman (e-mail: khuhman@gsu.edu). 

Georgia State University, a Research University of the Uni- 
versity System of Georgia, is an Affirmative Action/Equal Em- 
ployment Opportunity employer. Employment is contingent upon 
background verification. 


POSTDOCTORAL POSITION in the 
Molecular Biology of 
Female Reproductive Systems 
University of Texas Southwestern 
Medical Center at Dallas 


Seeking individuals with a Ph.D. or M.D. degree 
and relevant research experience for a postdoctoral 
position in the laboratory of Dr. W. Lee Kraus. The 
Kraus laboratory has a number of exciting ongoing 
projects related to the molecular role of estrogen sig- 
naling, inflammation, and poly(ADP-ribose) polymerases 
(PARPs) in various aspects of female reproductive biol- 
ogy, including parturition, endometriosis, and mam- 
mary carcinogenesis. 

Candidates should have demonstrated experience in 
molecular biology and mouse genetic models, as well 
as an ability to work independently and creatively. Ex- 
perience with genomic approaches (¢.g., RNA-seq, ChIP- 
seq) is a plus. Candidates should submit a curriculum 
vitae or resume, brief statement of interests and accom- 
plishments, and a list of three references in one .pdf or 
doc file by to e-mail: lee.kraus@utsouthwestern.edu. 
The subject line should include the terms “Molecular 
Biology of Female Reproductive Systems postdoctoral 
Application”. Successful applicants will receive com- 
petitive pay and benefits commensurate with the ap- 
plicant’s level of experience. 

UT Southwestern provides a dynamic, collaborative, 
and integrative research and training environment with 
state-of-the-art facilities. 

Equal Opportunity/Affirmative Action Employer. 
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Georgia Southern University’s Department of Bi- 
ology invites applications for TENURE-TRACK AS- 
SISTANT PROFESSOR POSITIONS in Fisheries 
Biology, Parasitology, and Physiology and two non- 
tenure-track Lecturer appointments with expertise to 
teach genetics and/or microbiology. All positions re- 
quire teaching, service, and a terminal degree. The tenure- 
track positions also include research responsibilities. The 
full text advertisements, including information about 
the department, faculty, and the complete position 
announcements with all qualifications and applica- 
tion instructions, are available at website: bwww.bio. 
georgiasouthern.edu. Screening of applications begins 
November 5, 2012, and continues until the positions 
are filled. Georgia is an open records state. Georgia Southern is 
an Affirmative Action/Equal Opportunity institution. Individuals 
who need reasonable accommodations under the ADA to partic- 
ipate in the search process should contact the Associate Provost. 


TENURE-TRACK POSITION 
Department of Chemical Engineering and 
Materials Science 
University of California, Davis 


Applications are invited for a faculty position at the 
ASSISTANT PROFESSOR level in chemical engi- 
neering. All areas of expertise will be considered, and 
candidates with an interest in the area of catalysis are 
especially encouraged to apply. The candidate should 
have a strong research record with the potential and 
commitment to be become a leader in the field. Com- 
mitment to undergraduate and graduate education is 
essential. A Ph.D. in chemical engineering or a related 
discipline is required. Consult website: http://chms. 
engineering.ucdavis.edu/ for our on-line application 
procedure and requirements. The position is open un- 
til filled; but to assure full consideration, applications 
should be submitted no later than October 19, 2012, 
for a start date of July 1, 2013. 

UC Danis is an Affirmative Action/Equal Opportunity Em- 
ployer, and is dedicated to recruiting a diverse faculty community. We 
welcome all qualified applicants to apply, including women, minor- 
ities, individuals with disabilities, and veterans. 


ASSISTANT PROFESSOR OF BIOLOGY 


The Department of Biology at Barnard College, 
Columbia University, seeks a full-time, tenure-track 
Assistant Professor starting July 2013, to participate 
in undergraduate teaching and establish an active, ex- 
ternally funded research program. We are interested in 
candidates who are broadly trained and address ques- 
tions at the physiological and/or whole-organism level. 

Teaching responsibilities include an advanced lec- 
ture, laboratory, and seminar course in the candidate’s 
area of specialization, and participation in the core ge- 
netics course. Ph.D. and postdoctoral experience is re- 
quired; teaching experience is desirable. 

Applicants should send curriculum vitae, research and 
teaching statements, three representative publications 
and three letters of recommendation electronically to 
e-mail: biologyjob@barnard.edu. Review of applica- 
tions will begin November 1, 2012. 

Bamard College is an Equal Opportunity Employer. Women and 
members of underrepresented minorities are encouraged to apply. 


Three (3) Tenure-Track Faculty Positions in Biology: 
One position in Cellular/Molecular and two positions 
in Animal Physiology within the Biology Department 
at York University (Toronto, ON, Canada) all at the 
ASSISTANT PROFESSOR level. Applications must 


be received by December 31, 2012 for a start date of 


July 1, 2013. Please consult website: http://www. 
yorku.ca/acadjobs for more information. York Uni- 
versity is an Affirmative Action Employer. The Affirmative Action 
Program can be found at the website above or a copy can be obtained 
by calling the affirmative action office at telephone: 416-736- 
5713. All qualified candidates are encouraged to apply; however, 
Canadian citizens and Permanent Residents will be given priority. 


POSITIONS OPEN 


LOYOLA MARYMOUNT UNIVERSITY 
Frank R. Seaver College of Science and 
Engineering 

Tenure-track Faculty Position in Microbiology or Plant 
Biology, with expertise in Population/Ecological Genet- 
ics: The Department of Biology at Loyola Marymount 
University (LMU) invites applications for a tenure-track 
position at the rank of ASSISTANT PROFESSOR, 
beginning fall 2013. Individuals with a Ph.D. in Bi- 
ology or related fields are encouraged to apply. The 
candidate is expected to teach upper division courses 
in Plant Biology or Microbiology, lower division courses 
in Biology that include population genetics and/or 
molecular genetics, and courses in his or her specialty 
area. In addition to excellent teaching of a diverse un- 
dergraduate student body, the candidate is expected to 
establish an active research program that will include 
undergraduate students. Synergy in research and teach- 
ing is enhanced by opportunities such as the CURES 
Center for Urban Resilience and the construction of the 
new Life Sciences Building to begin in 2013. Situated 
adjacent to the Ballona Wetlands in Los Angeles, LMU 
is in a culturally and ecologically diverse environment. 
It is within two hour’s drive of beaches, deserts, and 
mountains; the California Channel Islands are also 
close by. Please send a letter of application, curriculum 
vitae, selected publications, a statement of teaching 
philosophy within an institution such as LMU, a de- 
scription of research accomplishments and goals, and 
arrange for three letters of recommendation to be sent 
to: Dr. Urbinati, Department of Biology, Loyola 
Marymount University, 1 LMU Drive MS 8220, 
Los Angeles, CA 90045-2659. Review of applica- 
tions will commence 29 October 2012 and continue 
until the position is filled. As a comprehensive Catholic, 
Jesuit/Marymount University, LMU seeks professionally out- 
standing applicants who value its mission and share its commit- 
ment to academic excellence, the education of the whole person, 
and the building of a just society. The successful candidate will 
be committed to supporting and enhancing a culturally rich and 
diverse learning environment. LMU is an Equal Opportunity 
Institution actively working to promote an intercultural learning 
community. Women and minorities are encouraged to apply. 


FACULTY POSITION in Cell Biology 
University of Maryland Baltimore County (UMBC) 


The Department of Biological Sciences at Univer- 
sity of Maryland Baltimore County (UMBC) invites 
applications for a tenure-track ASSISTANT PRO- 
FESSOR position in eukaryotic cell biology, especially 
as it relates to neurobiology, to complement existing 
departmental strengths in neuroscience and cell and 
developmental biology, and to interact with faculty 
whose interests range from genomics and molecular 
genetics to ecology, evolution, and behavior. The suc- 
cessful applicant will have a Ph.D. in a relevant field 
of biological sciences, postdoctoral experience and a 
strong publication record and is expected to establish a 
vigorous, externally funded research program, super- 
vise doctoral-level graduate students, and teach at the 
undergraduate and graduate levels. 

Applicants should submit a cover letter, curriculum 
vitae, summary of current research and future plans, 
and a statement of teaching interests and philosophy 
e-mail: biosearch@umbc.edu in a single PDF in the 
above order. The applicant should also arrange to have 
three letters of reference in PDF format, sent to e-mail: 
biosearch@umbc.edu. For full consideration, applica- 
tions should be submitted by November 15, 2012 but 
will accepted until the position is filled. 

UMBC is a medium-sized research university in the 
Baltimore-Washington, D.C. area, whose combined ex- 
cellence in research and outstanding educational pro- 
grams have earned recognition by U.S. News and World 
Report as the “#1 Up-and-Coming National University” 
for four years running. For information about the 
Department of Biological Sciences and its graduate 
programs, visit website: http://www.umbc.edu/ 
biosci/. 

The University of Maryland Baltimore County is an Equal 
Opportunity /Affirmative Action Employer. UMBC values gender, 
ethnic, and racial diversity; women, members of ethnic minority 
groups, and individuals with disabilities are strongly encouraged to 
apply. UMBC is the recipient of an NSF ADVANCE Institu- 
tional Transformation Award to increase the participation of women 
in academic careers. 
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NEUROSCIENCES ANTIBODIES 


Neurosciences are impacted by a multitude of 

cellular processes and mechanisms, from apoptosis, 
autophagy, cell signaling, and cell differentiation to 
protein modifications. Antibodies have become a 
predominant tool for the study of Neurosciences, from 
biochemistry assays to analyzing the dynamics of 
individual nerve cells and their molecular constituents. 
With unsurpassed production capabilities and 
flexibility, Abgent is proud to be your partner in 


Neurosciences antibodies for areas including: 


www.abgent.com po} WuXiAppTec : AS ABGENT 


a WuXi AppTec company 


CG 


www.cellscilences.com 


cell sciences’ 


Browse our web site of recombinant 
proteins, including cytokines, growth 
factors, chemokines and neurotrophins. 
Daily shipping and competitive pricing are 
offered. Bulk quantities of many proteins 
available. Cell Sciences also carries 
corresponding antibodies and ELISA kits. 


LIST OF PROTEINS 
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Adiponectin 
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Alpha-Feto Protein (AFP) 
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Angiopoietin-1 (Ang-1) 
Angiopoietin-2 (Ang-2) 
Angiostatin K1-3 
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apo-SAA 

Apoliprotein A-1 
Apoliprotein E2 
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APRIL 

Artemin 
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Aurora A 
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BAFF 

BAFF Receptor 
BCA-1 / BLC / CXCL13 
BCMA 

BD-1 
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BDNF 
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BRAK 

Breast Tumor Antigen 
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Caspase-6 
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Cytokeratin 8 
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E-selectin 

ECGF 

EGF 
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Endostatin 
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Eotaxin 
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Eotaxin-3 (TSC) 
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EPHB4 
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Erk-2 

Erythropoietin (EPO) 
Exodus-2 

Fas Ligand 

Fas Receptor 

FGF-1 (acidic) 
FGF-2 (basic) 
FGF-4 

FGEF-5 

FGF-6 

FGF-7/ KGF 

FGF-8 

FGF-9 

FGF-10 

FGF-16 
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FGF-18 
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GM-CSF 

GPBB 

GRO« 

GROB 

GROy 
GRO/MGSA 
Growth Hormone 
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MEC 
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MIP-3B / CCL19 
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MIP-5 / CCL15 
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MMP-13 
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Neurturin 
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beta-NGF 
NOGGIN 

NOV 

NP-1 
NT-1/BCSF-3 
NT-3 

NT-4 

Ocreotide 
Oncostatin M 
Osteoprotegerin (OPG) 
OTOR 

Oxytocin 

p38-a 
Parathyroid Hormone 
PDGF-AA 
PDGF-AB 
PDGF-BB 
Persephin 

PF-4 

PIGF-1 

PIGF-2 

PKA a-subunit 
PKC-a 

PKC-y 
Pleiotrophin 
PLGF-1 
Polymyxin B (PMB) 
PRAS40 

PRL-1 

PRL-2 

PRL-3 
Prokineticin-2 
Prolactin 
Protirelin 
PTHrP 

PTP1B 
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PTP-MEG2 
PTP-PEST 


sRANK 
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RELM-o 
RELM-B 
Resistin 
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Secretin 

SF20 

SHP-2 

STAT1 

c-Src 

TACI 

TARC 

TC-PTP 

TECK 

WAR 

TGF-a 

TGF-61 

TGF-B2 

TGF-B3 

Thymosin «1 
sTIE-1/Fce Chimera 
sTIE-2/Fce Chimera 
TL-1A 

TNF-a 

TNF-B 

sTNFR1 

sTNFR2 

TPO 
TRAIL/Apo2L 
sTRAIL R-1 (DR4) 
sTRAIL R-2 (DR5) 
TSH 

TSLP 

TWEAK 

TWEAK Receptor 
Urokinase 
VEGF121 
VEGF145 
VEGF165 
VEGF-C 

VEGF-C 1525 
EG-VEGF 
VEGF-E 
HB-VEGF-E 
sVEGFR-1 
sVEGFR-2 
sVEGFR-3 
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=) NEW ENGLAND 


“BioLabs... 


enabling technologies in the life sciences 


ogether. 


New DNA Ligases and Ligase Master Mixes 


New England Biolabs offers the most extensive selection of 


high-quality and performance-optimized DNA ligases and 
ligase master mixes to streamline your cloning experiments. 


Our expanded portfolio now includes: IB T/A ligation 


Blunt ligation 


* Blunt/TA Ligase Master Mix, optimized for blunt-end 
and single-base overhang substrates 


) 


(as compared to Blunt/TA Ligase Master Mix) 


* Instant Sticky-end Ligase Master Mix, uniquely formulated 
for the rapid ligation of sticky-end substrates 
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* T7 DNA Ligase, specific for sticky ends 


¢ ElectroLigase™ directly compatible with electroporation 


Company Company Company NEB 
Stick together with DNA Ligases and Ligase Master Mixes . ss Cie Sis 


Master Mix 
from NEB. 


ELECTROLIGASE™ is a trademark of New England Biolabs. 


Now Available 


EPITUMICS 3500 RABBIT MONOCLONALS 


® 
an abeam’ company High Quality Antibodies 


THE RABBIT W0NUCLONAL ADVANTAGE 


¢ More diverse epitope recognition 
¢ High specificity and affinity 
¢ Improved response to mouse antigens 


Rabbit Monoclonal Antibodies (RabMAbs®) 
provide the combined benefits of superior 
antigen recognition of the rabbit immune 
system with the specificity and consistency 
of a monoclonal antibody, bringing you the 
highest quality antibody possible. 


-— 


CDX2 Mouse MAb 


CDX2 RabMAb 
Paraffin-embedded human colon tissue stained with Epitomics’ CDX2 RabMAb 
(Cat.# 2475-1) and Vendor A’s CDX2 Mouse Monoclonal under optimal conditions 


Find out more @ www.epitomics.com/advantage 


. . US & Canada | 1-877-772-2622 
Antibody Satisfaction Guarantee www.epitomics.com Outside NA | 650-583-6688 


Aim for ; 
abcam 


exce | e Nn ce discover more 


to achieve accuracy using our protocols and troubleshooting tips 


as many proteins as you need from our extensive catalog 


with the guarantee of our Abreviews & Abpromise 


480_12_AKR 


Discover more at abcam.com/aimforexcellence 


The moment your data change 
scientific minds. 
This is the moment we work for. 
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Visit Carl Zeiss Microscopy at Neuroscience 2012 in New Orleans or at the 


Annual Meeting of the American Society for Cell Biology 2012 in San Francisco. 


You will get a glimpse of Lightsheet Z.1, the unique light sheet microscope, 


capable of obtaining brilliant time lapse images of whole developing embryos. 


www.zeiss.com/lightsheet 


// RECOGNITION 


MADE BY CARL ZEISS 


We make it visible. 


Rethink Western blotting. 


Take protein detection 
to new dimensions. 


Biology isn't flat—neither are your Westerns. 

Meet the fast, versatile SNAP i.d.© 2.0 system, to fully exploit 
three-dimensional reagent distribution. Unlike conventional 
Western blotting, where diffusion is the primary means of reagent 
transport, the SNAP i.d.® 2.0 system applies a vacuum to actively 
drive antibodies and buffers right through the membrane. 


This advanced technology promotes antigen binding and 
thorough washing, enabling you to better optimize your 
Western blotting conditions. 


www.emdmillipore.com/SNAP 


EMD Millipore is a division of Merck KGaA, Darmstadt, Germany 


EMD Millipore and the M mark are trademarks of Merck KGaA, Darmstadt, Germany. SNAP i.d. is a registered trademark of Merck KGaA, Darmstadt, Germany. 
© 2012 EMD Millipore Corporation, Billerica, MA USA. All rights reserved. 


EMD MILLIPORE 


Next-generation sequencing for all you seek. 


You want amazing accuracy and performance on your benchtop. 
Illumina delivers—yet again. The MiSeq Personal Sequencer is the 
only fully integrated, truly end-to-end benchtop solution around. It’s 
just one more example of why Illumina solutions generate a remarkable 
90% of all the world’s sequencing data. Discover what’s possible. 


| seek tne future. 


llumina’ 


TRYG* 
Affymetrix 


RNA-SEQ 
ANALYSIS TAKES 
WAY TOO LONG 


a > 


SLOW FAST 


Sequencing is powerful, but it makes genomics harder 
than it has to be. You need answers now. With Affymetrix” 


microarrays, get efficient analysis and fast results. 


Down to a Science. 


www.affymetrix.com/downtoascience 
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Develop a new 
understanding of 


THE ROLE OF MITOCHONDRIAL DYSFUNCTION 


Amino Acids 


in obesity, diabetes, 


metabolic disorders, and 
age-related diseases 


The Seahorse XF Extracellular Flux Analyzer 


The XF Analyzer, and XF Stress Test Kits, make cellular bioenergetic studies simple, efficient 

and user-friendly. The first new in vitro metabolic measurement in 50 years, XF Analyzers non-invasively 

profile the metabolic activity of cells in minutes, offering scientists a physiologic cell based assay for determination 
of basal oxygen consumption, glycolysis rates, ATP turnover and respiratory capacity in a single experiment to 
assess mitochondrial dysfunction. 


See what's possible. 


e e 
Scan this QR code to view videos and see what the XF Analyzer can achieve. eahorse Bioscience 


Visit www.seahorsebio.com/science for more information! 


Little Genius 


t 


BLItz brilliantly packs the power of Dip and 
Read™ label-free analysis into a personal assay 
system. Give BLItz a drop of your sample and it 
does the rest! 


e Protein presence/absence in seconds 
e Binding kinetics assays at your bench 
e Protein quantitation in seconds 

e Develop immunoassays in minutes 


e Easily analyze crude samples 


Cleverly priced under $20K so you can have 


your own little genius. 


Want to try BLItz in your lab? Visit 
BlitzMeNow.com or call 855.BLITZ.ME. 
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PRIZE FOR 


NEURO 
BIOLOGY 


Congratulations 


Assistant Professor 
University of Pittsburgh 
Winner 2012 


And the Winner Is ... 


Eppendorf & Science Prize for Neurobiology 
Congratulations to Marlene Cohen on winning the 2012 
Eppendorf & Science Prize. Dr. Cohen uses the responses 
of groups of visual neurons to estimate which part of the 
visual world an animal is paying attention to at any given 
moment. Her approach provides a new way to study how 
our mental activity affects what we perceive and how 
cognitive processes such as attention are controlled. 

The annual USS25,000 Eppendorf & Science Prize for 
Neurobiology honors scientists, like Dr. Cohen, for their 


Learn more at: www.eppendorf.com/prize 


Science 


eppendorf 


MN AAAS 


outstanding contributions to neurobiology research. 

Dr. Cohen is the eleventh recipient of this international 
award. She will be presented with the Prize ata 
ceremony held during the week of the 2012 Annual 
Meeting of the Society for Neuroscience in New Orleans. 


You Could Be Next. 

If you are 35 years of age or younger and currently 
performing neurobiology research, you could be next to 
win the 2013 Prize. Deadline for entries is June 15, 2013. 


to Dr. Marlene R. Cohen 
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Eppendorf ® and the eppendorf Logo™ are registered Trademarks of Eppendorf AG Germany. The title Science® is a registered Trademark of AAAS. 


All rights reserved, incl. graphics and images. Copyright ©2012 by Eppendorf AG. David Barker Photograph. 


American Association 
for Cancer Research 


ANNUAL 
MEETING 


2013 


April 6-10, 2013 
Walter E. Washington 
Convention Center 
Washington, DC 


It has been said around the world that the AACR 
Annual Meeting drives the cancer agenda. 


Be a part of the American Association for Cancer Research's 
Annual Meeting 2013 so you won’t miss: 


e The premier meeting in cancer research _® The latest developments in basic 
that brings together more than 17,000 science, translational research, clinical 
of the best and the brightest in the trials, and population sciences 
cancer field from over 60 countries 

e A multitude of networking events and 

e More than 6,000 proffered papers professional development activities, 
and hundreds of invited talks from plus the annual Cancer and Biomedical 
leading experts Research Career Fair 


Be sure to submit an abstract and register for this important scientific meeting in cancer research. 


Abstract submission deadline: November 15, 2012 www.aacr.org/AACR2013 


EcoDry™ Premixes are stable 
at room temperature 


Store them for easy access 


Clontech Laboratories, Inc. 
ATakara Bio Company 


C Clontech 


Visit www.clontech.com/ecodry 
or call 1.800.662.2566 


United States/Canada: +1.800.662.2566 * Asia Pacific: +1.650.919.7300 » Europe: +33.(0)1.3904.6880 * Japan: +81.(0)77.543.724 


For Research Use Only. Not for use in diagnostic or therapeutic procedures. Not for resale. Clontech, the Clontech logo, 
and EcoDry are trademarks of Clontech Laboratories, Inc. All other marks are the property of their respective owners. 
Certain trademarks may not be registered in all jurisdictions. ©2012 Clontech Laboratories, Inc. 
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PICCIURE YOURSELF AS.” 
AAAS SCIENCE & TECHNOLOGY 
PL Pei 


Make a Difference. 
Help give science a greater voice in Washington, DC! Since 
1973, AAAS Fellows have applied their skills to federal 
decision-making processes that affect people in the 
U.S. and around the world, while learning first- 
hand about the government and policymaking. 


Join the Network. 

Year-long fellowships are available in the U.S. 
Congress and federal agencies. Applicants 
must hold a PhD or equivalent doctoral-level 


degree in any behavioral/social, biological, Enhancing Public Policy, 


computational/mathematical, earth, medical/ 
health, or physical science, or any engineering 
discipline. Individuals with a master’s degree 

in engineering and three years of professional 
experience also may apply. Federal employees 
are not eligible and U.S. citizenship is required. 


Apply. 

The application deadline for the 2012-2013 
AAAS Science & Technology Policy Fellowships 
is 5 December. Fellowships are awarded in the 
spring and begin in September. Stipends range 
from $74,000 to $97,000. 


Note: Additional fellowships are available 


through approximately 30 scientific society partners. 


Advancing Science Careers 


Kevin Foster, PhD 


Anthropology, University of 
Texas at Austin 


2009-10 S&T Policy Fellow, 
National Science Foundation, 
Directorate for Education and 
Human Resources, Division 
of Undergraduate Education, 
Math and Science Partnership 


Returned to position as 
executive director of the 
Institute for Community, 
University & School 
Partnerships at the 
University of Texas at Austin 


Individuals are encouraged to apply with AAAS as well 
as with any scientific societies for which they qualify. 


Full details at: fellowships.aaas.org 
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New Products 


SCALABLE BIOREACTOR SYSTEM 

The ambr 250 is a new, automated bioreactor system for parallel fermentation or cell culture, 
using single-use 250 mL bioreactors controlled by an automated workstation. The system builds 
on TAP’s innovative microbioreactor technology, adding increased fermentation volumes as well 
as individual bioreactor temperature and impeller control. This allows rapid testing of a range 
of conditions and microbial strains to select the optimum ones for efficient scalability to large- 
scale benchtop, stirred tank bioreactors. The microbial bioreactors, which are independently 
controlled, have a cap for automated sampling and include baffles and a dual Rushton impeller, 
as well as all gas (O,,, air, N,), liquid, and sensor connections. This makes them ideal for use 
in assessing different fermentation parameters with production microbes such as E.coli, Pichia 


140 


pastoris, and Aspergillus. 
TAP Biosystems 


HIGH CONTENT IMAGE ACQUISITION 

AND ANALYSIS SOFTWARE 

The MetaXpress 5.0 High Content Image Acquisition and Analy- 
sis Software has been designed to improve the ease and speed 
of custom analysis using the company’s ImageXpress Micro and 
Ultra Systems. The new software enables user-created analysis to 
be run on MetaXpress PowerCore Software, which harnesses the 
speed of parallel processing and instantly cuts analysis time from 
hours to minutes. An interactive tool incorporated into the software 
allows users to create custom analysis easily, without resorting to 
dedicated programming expertise. The system includes a total of 19 
predesigned analysis routines, with the facility to freely add in cus- 
tom steps to create a tailored analysis. MetaXpress 5.0 also features 
object click-to-find, allowing scientists to rapidly identify objects of 
interest within their images. Investigators can easily import data from 
third-party hardware and export measurements to a variety of for- 
mats with the new MDCStore Xchange Service plug-in. 

Molecular Devices 

For info: 800-635-5577 | www.moleculardevices.com 


SERUM REPLACEMENT 

PluriQ Serum Replacement is an optimized serum-free supplement 
formulated as a direct replacement for FBS (fetal bovine serum) 
for culturing healthy, undifferentiated human embryonic stem cells 
(hESCs) and induced pluripotent stem cells. PluriQ SR has been 
shown to maintain healthy cell morphology and normal karyotype 
in hESCs for at least 20 passages in culture. Every lot of PluriQ 
reagents is tested for quality, purity, and the effective maintenance 
of pluripotent stem cells over multiple passages to ensure health, 
morphology, and undifferentiation. PluriQ SR is part of a range of 
stem cell products that includes feeder cells, recombinant mouse 
leukemia inhibitory factor (mLIF), media, and freezing solutions that 
offer reproducible performance and high consistency from lot to lot. 
AMS Biotechnology 

For info: +44-(0)-1235-828200 | www.amsbio.com/serum- 
replacement.aspx 


For info: 302-478-9060 | www.tapbiosystems.com 


DESICCATORS 

Low humidity storage of moisture sensitive chemicals, electronics, 
and other materials can be a challenge, particularly when dealing 
with large containers or large quantities, but the new Scienceware 
Grande Desiccators provide users with the extra space they need. 
Each desiccator comes with two acrylic shelves and can hold up 
to seven shelves spaced 2 inches apart (extra shelves sold sepa- 
rately). The desiccator cabinet’s rugged polycarbonate construc- 
tion ensures years of reliable service. Exterior dimensions of the 
Scienceware Grande Desiccators are 66 cm W x 61 cm D x 66 cm 
H (26 in x 24 in x 26 in) with an interior capacity of 3.6 cu. ft. The 
cabinets are available in Standard, Gas Purge, or Automatic mod- 
els, so users can choose the desiccation method that best suits 
their needs. 

Bel-Art Products 

For info: 800-423-5278 | www.belart.com 


HIGH PERFORMANCE CENTRIFUGES 

The newly redesigned Avanti J-26S high performance centrifuge 
combines important environmental benefits with increased BioSafety 
features. Coupling the J-26S with new 1 L polypropylene bottles fur- 
thers sample security and extends the range of biopharmaceutical 
and research applications. Built upon benchmark performance, the 
J-26S provides high speed, low heat output, imbalance tolerance, 
low noise, and a range of ever-expanding separation capabilities. 
The ergonomic design, featuring lower instrument height and hands- 
free door operation, remains unchanged. The rotor library includes 
fixed-angle, swinging bucket, elutriation, continuous flow, and zonal 
rotors that offer speeds as high as 26,000 rpm and relative centrifu- 
gal force (rcf) up to 81,800 x g. Application versatility is built in: The 
J-26S can process up to 6 L of fermenter output, deliver a subcellular 
fraction, run 24 microplates at a time, and separate live-cell popula- 
tions with centrifugal elutriation. 

Beckman Coulter 

For info: 800-742-2345 | www.beckmancoulter.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 
materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 
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RIKEN 


Sponsored by 
RIKEN Research Center for Allergy and Immunology 


AAAS is here — promoting universal science literacy. 


In 1985, AAAS founded Project 2061 with the goal of helping all Americans become literate in science, mathematics, and 
technology. With its landmark publications Science for All Americans and Benchmarks for Science Literacy, Project 2061 set out 
recommendations for what all students should know and be able to do in science, mathematics, and technology by the time they 
graduate from high school. Today, many of the state standards in the United States have drawn their content from Project 2061. 


Every day Project 2061 staff use their expertise as teachers, researchers, and scientists to evaluate textbooks and assessments, 
create conceptual strand maps for educators, produce groundbreaking research and innovative books, CD-ROMs, and profes- 
sional development workshops for educators, all in the service of achieving our goal of universal science literacy. 


As a AAAS member, your dues help support Project 2061 as it works to improve science education. If you are not yet a AAAS 
member, join us. Together we can make a difference. 


To learn more, visit aaas.org/plusyou/project2061 MVAAA + U = A 
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DEEPENING OUR UNDERSTANDING IN IMMUNOLOGY 


Human health is undeniably 
a topic of intense research 
focus today. It’s an issue 
that affects each one of us 
personally —including our 
friends, family, and col- 
leagues— while also hav- 
ing a global impact. We are 
constantly bombarded by 
environmental insults that 
can affect our health, from 
the relatively innocuous ir- 
ritants that cause allergies 
to potentially deadly virus- 
es, parasites, and bacteria. 
Our most effective defense 
against these microscopic 
invaders is our immune 
system. However, this de- 
fense mechanism can also turn against itself, 
causing a range of autoimmune diseases. De- 
spite rapid progression in the field of immu- 
nology over the past few decades, scientists 
are still searching for a deeper understanding 
of the intricacies of the immune system and 
the relationships between host and _ patho- 
gen. New discoveries hold the potential for 
uncovering novel strategies to strengthen our 
immunological defense mechanisms and pre- 
vent their malfunctioning. 


One institution that has focused on unraveling 
some of the remaining questions in immunol- 
ogy is the RIKEN Research Center for Allergy 
and Immunology (RCAI). Since 2001, RCAI has 
published numerous research papers that have 
significantly advanced our knowledge in different 
areas of immunology. In this booklet, we invite 
you to read a sampling of RCAI publications that 


have shed light on topics such as immune cell 
development and differentiation, the protective 
role of probiotics, immune system homeostasis, 
and the role of immune cells in cancer and auto- 
immune diseases. 


Many challenges lie ahead for immunologists as 
the field becomes increasingly multidisciplinary 
and as advancing life-science technologies ena- 
ble larger and larger data sets to be collected and 
analyzed. We are encouraged to see institutions 
such as RCAI look toward the future and bring 
together top-notch researchers from around 
the world to interpret important new findings in 
immunology, draw from one another’s expertise, 
and drive immunology forward to find new ways 
of improving human health. 


Tianna Hicklin, Ph.D. and Sean Sanders, Ph.D. 
Editors, Science/AAAS Custom Publishing Office 
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THE RIKEN RESEARCH CENTER FOR ALLERGY AND 


IMMUNOLOGY CELEBRATES ITS FIRST DECADE 


The RIKEN Research Center for Allergy and 
Immunology (RCAI) has been one of Japan’s pre- 
mier strategic natural science research institutes 
since its establishment in 2001. 


Two key principles have guided the philosophy and 
direction of RCAI research in its first decade: 1) 
creating new paradigms in basic immunology and 
2) bridging basic immunology findings and medi- 
cal innovation. RCAI scientists explore many areas 
of immunology, including molecular imaging, im- 
mune system development, cell signaling, genetic 
and epigenetic regulation, mucosal immunity, tumor 
immunity, and the development of new therapies 
and diagnostic tools. Since the center’s inception, 
RCAI researchers have had a consistently strong 
track record, continuously publishing papers in dis- 
tinguished scientific journals; more than 30 percent 
of our papers published yearly are found in journals 
with an impact factor greater than 10. Moreover, the 
number of citations per paper has been consistently 
above 40. RCAI’s immunology research is highly 
ranked, with a high citation index score, and compares favorably with other premier immunol- 
ogy institutions around the world. This Science reprint collection booklet summarizes some of 
RCAI’s major research findings over the last decade and introduces a selection of RCAI papers 
published in Science, Science Signaling, and Science Translational Medicine. 


The immune system is critical for maintaining homeostasis in the body, is a key target for devel- 
oping therapeutics, and is important for preventing a variety of diseases. RCAI scientists have 
made many discoveries in basic immunological research using in vitro and ex vivo techniques 
and animal models; moreover, our researchers have also seen significant progress with transla- 
tional research studies, including the development of “humanized” mice, preclinical work on a 
cedar pollen allergy vaccine, and clinical trials investigating a natural killer T (NKT) cell therapy 
for cancer. In its second decade, RCAI has focused on developing ways to relate basic research 
findings to understanding the human immune system. In 2011, RCAI launched the Medical 
Immunology World Initiative (MIWI), a new human immunology consortium of laboratories that 
uses humanized mice. MIWI will serve as a worldwide network for the next generation of human 
immunology research by virtue of its focus on integrative medical immunology. 


Building on the groundwork laid by RCAI, RIKEN has decided to establish a new research center 
for integrative medical science that will launch in April 2013. The research conducted during 
RCAI’s first 11 years has opened the door to new directions in human immunology, and the 
current endeavors of RCAI investigators continue to spearhead global immunology research, 
connect scientists around the world, and improve human well-being. 


Masaru Taniguchi, M.D., Ph.D. 
Director 
RIKEN Research Center for Allergy and Immunology 


THE INTERCONNECTION, INTERDEPENDENCE, AND 


INFLUENCE OF THE IMMUNE SYSTEM 


Immunology is a field of discoveries, inventions, and breakthroughs. From antibodies to vaccines, the products of 
immunology research have transformed basic science and clinical practice. Today, immunologists are addressing 
major medical and scientific challenges such as the global rise in inflammatory disease, autoimmunity, and allergy; the 
complex interaction between genes and environment; and the need for individualized and effective immunotherapies. 
Immunology researchers are using powerful, high throughput techniques and a variety of in vivo models to address 
these challenges. Immunology continues to be a dynamic field of research that provides tools and inspiration to clinical 


and basic research. 


coveries, from Edward Jenner’s successful smallpox 

vaccinations in the 18th century to Susumu Tonegawa’s 
Nobel Prize-winning explanation of antibody gene re- 
combination 200 years later. Immunology research in the 
21st century is discovering that the innate and adaptive 
immune systems are more intricately connected than 
previously thought. In fact, the entire immune system is 
now viewed as a complex communication hub, coordi- 
nating interactions between the external world of patho- 
gens, commensal microorganisms, and allergens, and 
our internal physiology from organs to genes. This model 
of interdependency underlies current immunology re- 
search, whether the topic is early immune development, 
gene-environment interactions, receptors and signaling, 
or clinical therapies. 

A great deal of current immunology research is driven 
by the global rise in rates of autoimmune disorders, al- 
lergy, and inflammation-related diseases. An explanation 
for this global pattern, says Harald Renz, professor of 
Laboratory Medicine, Department of Clinical Chemistry 
and Molecular Diagnostics, Philipps University, Marburg, 
Germany, is the hygiene hypothesis —that early exposure 
to a variety of antigens builds a stronger, better-function- 
ing adult immune system. A hyperhygienic environment 
in early life inhibits the development of a proper balance 
between the actions of T effector and T regulatory cells. 
“We have an immune system to fight infections, and if 
you don’t test the immune system with exposure to 
pathogens, you lose homeostasis, resulting in immune 
dysregulation,” says Joan M. Goverman, chair of the 
Department of Immunology, University of Washington, 
Seattle. 

In spring 2012, experimental findings using an animal 
model provided support for the hygiene hypothesis. 
Richard Blumberg, chief of the Division of Gastroen- 
terology, Hepatology and Endoscopy of Brigham and 


mmunology has a rich history of groundbreaking dis- 


Women’s Hospital in Boston and colleagues found that 
germ-free mice are more susceptible to inflammatory 
conditions resembling colitis and asthma and traced this 
susceptibility to increased invariant natural killer T cells 
(NKT). Early exposure to the normal commensal microor- 
ganisms of mice resulted in normal NKT cell levels, lead- 
ing the researchers to conclude that “age-sensitive con- 
tact with commensal microbes” established appropriate 
microbial tolerance. Normalization of the immune system 
occurred only when microbial exposure was early in life, 
and not if it occurred in adulthood. 


Investigating Earlier and Broader 
Influences 

In fact, research on the early immune system is find- 
ing that effects that are prenatal or even earlier can influ- 
ence immune system development. For example, mouse 
models show that maternal and even grandmaternal 
exposures to nutrients, pollutants such as cigarette 
smoke, and infectious agents such as bacteria can in- 
fluence immune development. These transgenerational 
influences are explained by epigenetic effects, which 
are heritable changes in the accessibility of DNA to tran- 
scription factors through modifications to nucleotides or 
histone proteins. For instance in mice, certain concen- 
trations of the methyl donor folate in the maternal diet 
resulted in epigenetic effects to genes linked to allergic 
airway disease. This effect was transmitted to a second 
generation. Renz’s group found that prenatal exposure to 
the soil bacterium Acinetobacter Iwoffi protected against 
asthma in a mouse model, and was associated with epi- 
genetic effects on cytokine genes such as interferon- 
gamma and interleukin-4. The next steps in immunol- 
ogy research are identifying the specific agents, and the 
timing and type of exposure that give protective effects 
against later immune dysregulation. Researchers are also 
looking for the targets of early environmental exposure, 


such as stem and progenitor immune system cells. “This 
is a field to watch,” says Rafeul Alam, head of allergy and 
immunology at National Jewish Health and professor of 
medicine at University of Colorado Denver. Says Alam, 
“Work on epigenetics so far has just scratched the sur- 
face. This is fertile ground for research.” 

Immunology researchers are also broadening their 
definition of the environment. They are finding that fac- 
tors affecting immune development include “food and 
dietary habits, obesity and metabolic syndrome, psycho- 
logical factors such as stress, and neuroendocrine inter- 
actions,” says Renz. “A big area is microbial exposure, 
including microbes that normally colonize the mucosa 
of the respiratory system, gut, and skin. These microbes 
have a strong impact early in life beyond the risk of al- 
lergy to risk of conditions such as type | diabetes, multi- 
ple sclerosis, neurodegenerative disease, schizophrenia, 
and depression.” 

Research on commensal gut microbes has found that 
colonization of the gastrointestinal tract, mainly by spe- 
cies in the phyla Firmicutes and Bacteroidetes, begins 
immediately after birth. In mice, intestinal colonization 
promotes development of immune responses including 
production of antimicrobial peptides, differentiation of 
helper T cells, development of T regulatory cells, and se- 
cretion of IgA. This is a symbiotic relationship that regu- 
lates growth of commensal bacteria that aid in digestion 
and produce vitamins and other nutrients for the host. 
Crosstalk clearly occurs between the microbiota and the 
immune system, and current research is investigating 
both sides of this communication. Active research areas 
include studying how immune development and main- 
tenance are affected by specific species and strains of 
microbes, particular compositions of the microbiome, 
and the amount of microbiome diversity. In humans, the 
main method for this type of research is sampling and 
characterizing the human microbiome, for example by 
high throughput pyrosequencing in the U.S. National 
Institutes of Health Human Microbiome Project. Analysis 
is underway to discover associations between the pres- 
ence of specific microbes, longitudinal changes in the 
human microbiome, and conditions ranging from obesity 
to autoimmune disease. This will determine which mi- 
crobes are our friends and which are our foes—the basic 
task of the immune system. 


Self and Nonself 

Distinguishing between pathogens and commensals 
and self and nonself is a fundamental function of the im- 
mune system. When this functionality goes awry, the re- 
sult can be autoimmunity. Even a correctly functioning 
immune system can cause transplant rejection or graft 
vs. host disease. Substantial research with the goal of 
modulating the immune system has elucidated many of 
the mechanisms by which antibodies, T cell receptors, 
major histocompatibility complexes, and other immune 
system elements determine which cells to attack and 
which to tolerate. Recent attention has focused on pat- 
tern recognition receptors, particularly the toll-like recep- 
tors (TLRs). These transmembrane and intracellular pro- 
teins, with the help of adaptor proteins, bind to foreign 
molecules such as bacterial lipopolysaccharides or viral 
RNAs and signal pathogen invasion. Discovery of the im- 
mune functions of TLRs was awarded the 2011 Nobel 
Prize for Physiology or Medicine. 

Activation of TLRs by ligand binding initiates kinase- 
dependent signal transduction cascades that lead to 
gene expression responses mediated by transcription 
factors such as NF,B. Professor Alam says that a cur- 
rent area of research is investigating just how the TLR 
pathways lead to the activation of inflammation, a topic 
that is particularly urgent given the global health burden 
of chronic inflammatory conditions such as diabetes and 
inflammatory bowel disease. Alam says we need addi- 
tional research on how pathogen signals reach and trig- 
ger intracellular TLRs such as TLR7 and TLR9. Although 
we have a lot to learn from TLRs, he says, future research 
should also focus on other receptors connected to 
inflammation such as tyrosine kinase-associated recep- 
tors and other RNA- and DNA-sensing receptors. Nucleic 
acid-sensing receptors are particularly important in un- 
derstanding autoimmune disease since many of these 
are an inappropriate reaction to RNA or DNA. 

Much research on the response to receptor signaling 
has focused on changes in gene transcription, but Alam 
advises more attention to downstream gene expression 
effects such as alternative splicing, microRNA regulation, 
and protein modification. “It’s simple logic,” he says. 
“Higher mammals have fewer genes in their genomes 
than other organisms, so posttranscriptional and post- 
translational modifications have a bigger impact in creat- 
ing different phenotypes.” 


Directing the Immune System for Therapy 

As our understanding of the internal and external 
communications and responses of the immune system 
grows, the list of potential therapeutic targets and tech- 
nologies expands. Development of monoclonal anti- 
bodies, for which César Milstein, Niels Kaj Jerne, and 
Georges J. F. Kohler shared the 1984 Nobel Prize in 
Physiology or Medicine revolutionized basic research 
by providing tools for precisely identifying, isolating, or 
marking cellular components. Monoclonal antibody tech- 
nology has led to highly specific therapies such as the 
breast cancer treatment trastuzumab (Herceptin). The 
success of Herceptin and similar therapies has launched 
dozens of biotechnology companies and clinical trials. 
Goverman, who studies autoimmune diseases such as 
multiple sclerosis, says, “Cancer therapy is driving the 
development of therapy for autoimmune diseases and 
other immune disorders.” For example, a monoclonal 
antibody therapy used to treat malignant B-cell lympho- 
mas has shown some promise with multiple sclerosis 
and diabetes. Learning about its mechanism of action 
has also informed multiple sclerosis research. 

On the cell-based side, in 2010, the Seattle company 
Dendreon received U.S. Food and Drug Administration 
approval for their prostate cancer treatment, sipuleucel- 
T (Provenge). The therapy stimulates the patient’s own 
peripheral blood mononuclear cells to launch a specific 
attack against cancerous cells. Commercialization of 
Provenge remains rocky, but the clinical proof-of-con- 
cept has motivated additional cell-based therapy devel- 
opment. Poul Serensen, senior vice president of strategic 
development, Stallergenes, Paris, and board member of 
the Danish Graduate School of Immunology, says these 
therapies are promising, but the double-edged sword 
in any type of cell-based immunotherapy is the inher- 
ent plasticity of immune cells. We are learning how eas- 
ily immune cells change function, he says, for example 
converting from anti-inflammatory to proinflammatory. 
This cellular flexibility is a challenge in large-scale cell 
culturing, the method which Dendreon must use in their 
Provenge therapy. However, immune cell plasticity also 
explains immunotherapy successes, for example treat- 
ment for specific allergies. Says Sorensen, “We're learn- 
ing we can reprogram the immune system with lasting 
effects. This has the potential to lead to treatment break- 
throughs for other diseases.” 


Cancer immunotherapy is “coming of age,” says 
Joseph Murphy, director of Cancer Therapeutics and 
Immunology, Southern Research Institute, Birmingham, 
Alabama, citing more than 40 different immunotherapies 
currently in testing in over 60 clinical trials. Murphy, who 
wrote an extensive 2010 review of cancer immunothera- 
py, says that current cancer immunotherapy is based on 
research showing that cancerous cells create an immune 
microenvironment that suppresses antitumor activity. He 
says that new cancer therapies will be “based on a so- 
phisticated knowledge of immune-suppressive cells, sol- 
uble factors, and signaling pathways designed to break 
tolerance and reactivate antitumor immunity to induce 
potent, long-lasting responses.” Examples are highly 
specific, cell-free vaccines and other treatments based 
on tumor-associated antigenic peptides identified from a 
patient’s resected tumor. An integrated, multipronged im- 
mune response is required to eliminate cancer, so com- 
binatorial approaches are likely to be the most effective. 
Future therapies, Murphy says, “will simultaneously ad- 
dress the immunosuppressive, angiogenic, invasive, and 
hypoxic nature of cancer.” 

Other therapies are also developing in multiple direc- 
tions. Rachna Shah, an allergist with Gottlieb Memorial 
Hospital, Loyola University Health System in Maywood, 
Illinois notes that studies on complementary and alter- 
native therapies such as traditional Chinese medicine to 
treat allergies are becoming more common. “Both pa- 
tients and providers are interested in seeing if these treat- 
ments can make a difference in symptoms,” she says. In 
conventional therapy, says Shah, oral immunotherapy is 
a major trend, with recent trials showing promise in sub- 
lingual therapy for egg, peanut, and pollen allergy. 

Research on the pathogenesis of infectious diseas- 
es such as influenza and SARS could contribute to the 
development of immunomodulating therapies. Influenza 
and other viral infections can induce a cytokine storm 
in which strong production of complement factors and 
proinflammatory cytokines brings excessive numbers of 
inflammatory cells to the lungs, ultimately impairing lung 
function. Learning to modulate immune system commu- 
nications in this situation will have clinical implications 
beyond infectious disease. 
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Looking Ahead 

Future immunology research will continue to explore 
the extraordinary complexity of the immune system and 
its influence on health and homeostasis. Driving current 
research are recent discoveries about the intricate func- 
tions of the innate immune system and its interconnec- 
tion with the adaptive system. Goverman says we are 
now realizing that innate immune system cells such as 
dendritic cells and macrophages not only acquire and 
present antigens to T cells, but do so in varied contexts 
that convey different instructions to the T cells, depending 
on the pathogen. Elucidating the molecular mechanisms 
that define these conversations between innate immune 
cells and T cells—the receptors on dendritic cells that en- 
counter different pathogens, the signaling pathways they 
activate, and the cell-surface molecules expressed to or- 
chestrate the adaptive immune response—is a research 
frontier that immunologists will continue to explore. Shah 
agrees. Immunologists know that the innate and adap- 
tive systems interact, she says, but now are “discovering 
the level of interdependence between the different parts 
of the immune system and how these connections affect 
disease.” Another research frontier, says Goverman, is 
investigating different cell-death pathways, because “the 
way a Cell dies can initiate different immune responses.” 

A major breakthrough in in vivo research has been 
the development of humanized mice, says RIKEN 
Research Center for Allergy and Immunology (RCAI) 
Director Masaru Taniguchi. Increasing numbers and types 
of human genes and cells are being introduced into mice 
for studying human disease and normal human immune 
development. Fumihiko Ishikawa, group director of the 
Lab for Human Disease Models, RIKEN RCAI, is a leader 
in the creation of humanized mice. As with other areas 
of immunology, a major challenge is creating the proper 
complex environment for immune cell development—in 
this case the most human environment possible within 
mice. Ishikawa says, “We can produce human immune 
cells that differentiated from human hematopoetic stem 
cells in mice, but they develop in a mouse environment. A 
major future research direction will be better recapitulat- 
ing the human environment in a mouse model.” Although 
only a model for human immunity, humanized mice are 
valuable for studying cancer—especially leukemia—and 
viral diseases, because many viruses such as HIV are 
species specific. 


Microscale and nanoscale technologies such as sin- 
gle-cell imaging and single-molecule polymerase chain 
reaction (PCR) bring power and sensitivity to studies 
on receptor-ligand interaction and microRNA func- 
tion. Second-generation sequencing of DNA and cDNA 
(complementary to RNA) is allowing systems biologists 
to move beyond microarray studies to more sophisti- 
cated analyses of genomic events. Using genome-wide 
association studies (GWAS), immunologists have dis- 
covered associations between particular polymorphisms 
or gene expression patterns and immune disorders. 
Goverman says that researchers are now taking the next 
step: exploring the underlying reasons and mechanisms 
for these associations. 

Alam says that systems analysis can identify genes 
and other factors associated with immune conditions, 
but he emphasizes that we must always keep the com- 
plexity of the immune system in mind. For example, he 
says, GWAS identified specific genes such as those 
for interleukin-33 and its receptors as associated with 
susceptibility to asthma. However, this discovery has 
led to extensive research that is focused on only a few 
genes. Immunologists must realize they are studying an 
extremely complicated system that is linked to genetics, 
physiology, and the environment, says Alam. “Remem- 
ber that even the best of the genes identified by GWAS 
explain at most 10 to 20 percent of a phenotype. There 
are so many other factors—other genes and especially 
environmental factors. Sometimes scientists like to be as 
reductionist as possible, to keep things clear, but real life 
is very complex.” 


—Chris Tachibana, Freelance Science Writer 


HIGHLIGHTS OF RCAI RESEARCH AND PROGRAMS: 2001-2012 


Since its establishment in 2001, the Research Center for Allergy and Immunology (RCAI) has been at the cutting edge 
of immunology research and has focused on two goals: creating new paradigms in basic immunology and developing 
medical innovations. During the 11-year directorship of Masaru Taniguchi, RCAI researchers have made a big impact 
on understanding how the immune system works. Although basic research has always been a focus and strength of 
RCAI, the center has also developed programs with a translational component. Here, a sampling of the pioneering 
studies and programs that have contributed to RCAI’s mission are briefly described. 


Creating New Paradigms 
1) Immune System Development 

As the immune system develops, the progeny of 
multipotent hematopoietic stem cells (HSCs) become in- 
creasingly restricted in their lineage potential and acquire 
specialized functions. Scientists have long believed that 
lymphoid lineage precursors lack the ability to mature 
into myeloid lineage cells; however, Hiroshi Kawamoto’s 
research showing that early thymic progenitors can give 
rise to myeloid cells has called this dogma into question 
(1). His group later discovered that the transcription fac- 
tor Bcli1b determines the T cell lineage (See full paper 
on page 15) (2). 

Ichiro Taniuchi’s group provided further insight into 
what drives T cell differentiation. They found that the 
Runx complex represses the expression of the transcrip- 
tion factor Th-POK during thymocyte differentiation, al- 
lowing the development of CD8* cytotoxic T cells rather 
than CD4* helper cells (see full paper on page 19) (3, 4). 


2) Immune Cell Signaling 

Immune cells use receptor-mediated signaling at 
multiple stages in their development/differentiation to 
direct lineage choices and acquisition of effector func- 
tions. Changes in expression levels or posttranslational 
modification—such as phosphorylation—of signaling 
molecules propagate signals within immune cells. 
Tomohiro Kurosaki’s group has dissected the molecular 
events in B cell signaling. They identified Stim1/Stim2 
as critical for calcium (Ca?*) influx, a key event in many 
signaling pathways (6, 6), and the Ser/Thr kinase extra- 
cellular signal-regulated kinase (ERK) as essential for 
early B cell development and plasma cell differentiation 
(see abstract on page 23) (7, 8). 

A surprising discovery was made by Toshio Hirano 
and his RCAI team, when they found that not only Ca?*, 
but also zinc (Zn?*) ions can act as signaling molecules. 


They determined that Zn?* signaling plays a role in cell 
migration, dendritic cell activation, allergic reactions, and 
connective tissue formation (9-72). Further, they iden- 
tified two types of Zn?* signaling: early, which involves 
a “Zn?* wave,” similar to that observed during Ca?* in- 
flux, and late, which is induced by the expression of Zn?* 
transporters (73). 

Visualization of signaling events at the single-molecule 
level is now possible using highly sensitive fluorescence 
microscopes developed by RCAI’s Makio Tokunaga (74). 
Takashi Saito observed the dynamic movement of sig- 
naling molecules during T cell activation and discovered 
that activation is initiated by small complexes called “T 
cell receptor (TCR) microclusters,” in which TCRs and 
various signaling proteins are assembled (75, 76). The 
group could also visualize T cell activation modulated by 
costimulatory molecules. These findings have provided 
key insights into how the spatiotemporal patterns of 
signaling events affect the initiation, maintenance, and 
regulation of T cell activation (17, 78). 


3) Mucosal Immunity 

The adaptive immune system has two separate but in- 
terrelated components: systemic and mucosal. Much of 
classical immunology focuses on the systemic compart- 
ment; however, protection at mucosal surfaces is also 
essential for survival. The “lymph-node equivalent” in the 
intestine are Peyer’s patches (PPs), which are separated 
from the intestinal contents by a single layer of special- 
ized epithelial cells, among which are antigen-sampling 
M cells that deliver antigen to PPs to initiate mucosal im- 
mune responses, but the mechanisms by which M cells 
differentiate and carry out this function have not been 
fully elucidated. 

Hiroshi Ohno and his colleagues discovered that a 
transcription factor, Spi-B, is essential for M-cell differ- 


entiation (79) and that glycoprotein-2 (GP-2) serves as 
a bacterial uptake receptor (20). The intestinal immune 
system has intimate and important interactions with the 
bacterial flora in the gut. Using integrated multi-“omics” 
approaches, Ohno’s team studied the “probiotic” effect 
of these interactions. They discovered that in a mouse 
model, bacteria from the genus Bifidobacterium pro- 
duced acetate that prevented Shiga toxin generated by 
enterohemorrhagic E. coli 0157 from entering the blood- 
stream, thereby protecting the mice (27). 

Moreover, a group led by Sidonia Fagarasan investi- 
gated the role of immunoglobulin A (IgA) in maintaining 
the symbiotic balance between gut microbiota and the 
host immune system (22). In collaboration with Shohei 
Hori, they demonstrated that environmental cues in the 
gut promote the selective differentiation of IgA-support- 
ing T follicular B helper (T,,, cells) from Foxp3* T cells 
(see abstract on page 25) (23). Fagarasan’s group also 
recently found that skewing of the microbiota, which re- 
sults from IgA with reduced bacteria-binding capacity, 
drives the generalized activation of B and T cells in mice 
that develop B cell-dependent autoimmune disease (See 
full paper on page 11) (24). 


4) Systems Immunology 

RCAI is actively creating new immunology fields that 
are integrated with other scientific fields as well as new 
technologies. One example is systems immunology, 
which fuses biology and mathematics. 

RCAI’s Mariko Okada, in collaboration with Boris 
Kholodenko (University College Dublin), has used math- 
ematical modeling to tackle the question of how cell 
fate is determined. Epidermal Growth Factor (EGF) and 
Heregulin (HRG) both share extracellular signal-regulat- 
ed kinase (ERK) signaling pathways, but induce distinct 
cell fates; EGF induces cell division, while HRG induc- 
es differentiation. The group found that EGF and HRG 
induce either transient or sustained cytoplasmic ERK 
activity, respectively, and that discrimination of these 
signals controls cell fate (25). 

New imaging technologies have the potential to 
become important tools in systems biology since the 
information obtained can be digitized and quantified. A 
step in this direction was taken by Takaharu Okada, who 
utilized two-photon microscopy to track B cells by moni- 


toring the expression of Bcl6 with a surrogate fluorescent 
marker. His team could observe, track, and quantify the 
in vivo migration of Bcl6-expressing antigen-specific B 
cells to the germinal center, a process dependent upon 
interaction with Bcl6-expressing T,,, cells (26). 


— Takashi Saito, Deputy Director, RIKEN RCAI 


Developing Innovations in Biomedical 
Sciences 
1) Humanized Mice 

RCAI scientists are working to develop innovative ex- 
perimental models for investigating the human immune 
system and disease. RCAI researchers Fumihiko 
Ishikawa, Haruhiko Koseki, and Osamu Ohara, in col- 
laboration with Leonard Shultz (Jackson Laboratory), 
have generated immunodeficient mice (NOD/SCID/IL- 
2rgKO (NSG)) that express a human class | antigen. 
When newborn mice were transplanted with human 
hematopoietic stem cells (HSCs), human cytotoxic T 
cells successfully developed and became functional in 
these “humanized” mice (27). More recently, this group 
created an improved recipient mouse (hSCF Tg NSG) 
that expresses human stem cell factor (SCF), a cytokine 
that is critical for the maintenance of stem and progeni- 
tor cell activities (28). Ishikawa also identified a human 
leukemia stem cell (LSC) by transplanting human acute 
myeloid leukemia (AML) cells into NSG mice. The LSCs 
propagate the leukemia, but are typically in a dormant 
state and therefore resistant to cell cycle-dependent 
chemotherapy (29-37). His group is currently identify- 
ing genes differentially expressed between normal HSCs 
and LSCs to identify potentially new therapeutic targets 
for AML (see abstract on page 24). 


2) Natural Killer T Cell Therapy 

A clinical trial of a natural killer T (NKT) cell targeted 
therapy for patients with advanced non-small-cell lung 
cancer is being conducted by RCAI’s Masaru Taniguchi, 
in collaboration with Chiba University. In this trial, autolo- 
gous dendritic cells pulsed with the NKT cell-activating 
ligand a-galactosylceramide were administered intrave- 
nously. Sixty percent of treated patients (10/17) showed 
a significantly longer median survival compared to the 
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untreated group (29.3 versus 4.6 months). Based on 
these promising results, expanded trials of the NKT cell 
therapy are planned, and this treatment is now offered 
as a new therapeutic option under the advanced medi- 
cal care assessment system approved by the Japanese 
Ministry of Health, Labor and Welfare. Thus, this treatment 
will be covered in part by national health insurance (32). 


3) Primary Immunodeficiency Clinical Archive 

To promote awareness and improve treatment op- 
tions for Primary Immunodeficiency (PID), RCAI has 
been expanding its collaborative network with the clini- 
cal study group from 13 Japanese universities, the In- 
stitute of Bioinformatics in India, and the Kazusa DNA 
Research Institute, supported in part by the Jeffrey Modell 
Foundation. The number of patient samples deposited in 
the Japanese clinical archive, “PIDJ,” which was estab- 
lished by RCAI, continues to increase each year. RCAI is 
also working toward establishing an Asian PID network 
and has established an integrated bioinformatics plat- 
form for PID called RAPID (rapid.rcai.riken.jp) and a PID 
mutation annotation server, Mutation@A Glance (rapid. 
rcai.riken.jp/mutation). 


—Toshitada Takemori, Research Coordinator, RIKEN 
RCAI 


Toward the Future 
1) Medical Immunology World Initiative (MIWI) 

To understand the process of disease develop- 
ment and to identify critical events that change human 
health, RCAI established an interdisciplinary biomedi- 
cal research platform and international consortium of 
research groups that share a common interest in hu- 
man immunology. For this purpose, RCAI launched the 
zMedical Immunology World Initiative (MIWI) as a new hu- 
man immunology platform that includes humanized mice. 
Nine institutions are currently affiliated with MIWI: the 
Immunology Frontier Research Center of Osaka 
University (IFReC), the U.S. National Institutes of Health 
(NIH), the Institute of Medical Science, the University 
of Tokyo (IMSUT), two departments from Zurich 
University, INSERM/Necker Hospital, the Pasteur 
Institute, Imperial College London, and RCAI. The goal of 


MIWI is to use integrative immunological approaches to 
obtain fundamental knowledge about the human immune 
system and the underlying mechanisms of disease de- 
velopment and to discover new principles for diagnosis 
and treatment. 


2) Young Chief Investigator Program (YCIl) 

RCAI launched the new Young Chief Investigator (YCl) 
Program to provide a career path for young investiga- 
tors (under 40 years old) conducting multidisciplinary 
research that bridges immunology with other fields. A 
YCI will head an independent laboratory but will have 
access to mentors who are specialists in related fields. Five 
researchers have been selected thus far to conduct 
pioneering work in the following new areas: stem 
cells and aging reversal, development of the interface 
between integrative biology and mathematics, mucosal 
flora and epigenetic analysis, immune regeneration, and 
multi system-wide analysis. 


— Shigeo Koyasu, Deputy Director, RIKEN RCAI 
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The Inhibitory Receptor PD-1 
Regulates IgA Selection and Bacterial 
Composition in the Gut 


Shimpei Kawamoto,?* Thinh H. Tran,”2* Mikako Maruya,’* Keiichiro Suzuki,*? Yasuko Doi,” 
Yumi Tsutsui,* Lucia M. Kato,”* Sidonia Fagarasan*t} 


Immunoglobulin A (IgA) is essential to maintain the symbiotic balance between gut bacterial 
communities and the host immune system. Here we provide evidence that the inhibitory 
co-receptor programmed cell death—1 (PD-1) regulates the gut microbiota through appropriate 
selection of IgA plasma cell repertoires. PD-1 deficiency generates an excess number of T follicular 
helper (Try) cells with altered phenotypes, which results in dysregulated selection of IgA 
precursor cells in the germinal center of Peyer’s patches. Consequently, the IgAs produced in 
PD-1—deficient mice have reduced bacteria-binding capacity, which causes alterations of microbial 
communities in the gut. Thus, PD-1 plays a critical role in regulation of antibody diversification 
required for the maintenance of intact mucosal barrier. 


(IgA) is to maintain homeostasis at mu- 

cosal surfaces. Intestinal IgA production 
occurs via both T helper cell-dependent and in- 
dependent pathways (/). The diversification of 
IgA repertoire by somatic hypermutation (SHM), 
however, takes place mostly in specialized mi- 
croenvironments called germinal centers (GCs), 
in which B cell interaction with T follicular helper 
(Try) cells induces the expression of activation- 
induced cytidine deaminase (AID) (2, 3). Try 
cells express high amounts of the inhibitory co- 
receptor programmed cell death-1 (PD-1) (4). 


Te primary function of immunoglobulin A 


PD-1 deficiency leads to species-specific, anti- 
body-mediated autoimmune diseases (5—7). Note 
that the incidence of diseases in PD-1—deficient 
mice varies among mouse colonies and depends 
on AID (8). 

We investigated whether PD-1 regulates mi- 
crobial communities and IgA production in the 
gut. Although the total number of bacteria 
cultured from the lumen of the small intestine 
was comparable between PD-1—deficient mice 
(PdcdI~) and wild-type (WT) mice (4.8 10° 
and 4.7 x 10° bacteria per g of intestinal content, 
respectively), PdcdI’ mice had a 93 to 95% 
reduction in the number of anaerobic bacteria 
compared with WT mice (average 2.86 x 10° and 
0.18 x 10° in WT and PdcdI~ mice, respective- 
ly) (Fig. 1A). The total numbers of “healthy” 
bacteria, such as Bifidobacterium and Bacte- 
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roides (9) were not detectable or markedly 
reduced in Pdcd1~ mice. In contrast, bacteria 
of the Enterobacteriaceae family, which were 
minor representatives in the WT mice, were 
increased about 400-fold in PdcdI mice. These 
results were confirmed by 16S ribosomal RNA 
(tRNA) gene pyrosequencing of cecal contents 
(fig. SIA). Thus, PD-1 deficiency perturbs the 
balance of bacterial communities in the gut. 

The frequencies and the absolute numbers of 
IgA-producing cells in the lamina propia (LP) 
were comparable in PdedI~ and WT mice (fig. 
S1, B, C, and F). Flow cytometric analyses of 
fecal bacteria revealed, however, that the propor- 
tion of bacteria coated with IgA (bound IgAs) 
was reduced in PdedI* mice (10) (Fig. 1B). In 
contrast, the concentration of free IgA in in- 
testinal secretions was higher in PdedI~ than in 
WT mice (Fig. 1C). To assess the features of LP 
IgA, we sequenced the immunoglobulin heavy 
chain (IgH) genes in single sorted IgA-producing 
cells. Both WT and PdcdI~ mice had a diverse 
IgA repertoire, yet PdcdI’ mice had an en- 
richment of IgA-producing cells with the IgH 
locus belonging to non-Vy1 family genes (Fig. 
1D). This difference in the IgA repertoire may be 
the result of the altered composition of the mi- 
croflora in PdcdI mice. Indeed, as signs of 
antigen-mediated selection in their IgH genes, 
about 90% of the sequences from WT and 
PdcdI~ mice had mutations and high ratios 
of replacement (R) to silent (S) mutations in 
complementarity-determining region 1 (CDR1) 
and CDR2, compared with those in framework 
regions 1 to 3 (FWRI1-3) (fig. S1, D and E). 
However, the calculated affinity maturation index 
(11, 12) was lower in IgA-producing cells from 
LP of PdcdI* mice (Fig. 1E). Together, the re- 
sults indicate that alterations of IgA compartment 
in PdedI mice have an impact on symbiotic 
relations between host and commensal bacteria in 
the gut. 

The altered repertoire of the IgA plasma 
cells in gut could result from changes in the 


turnover of IgAs at their inductive or residential 
places. Most of the IgA’ B cells are generated 
in the GCs of Peyer’s patches (PPs) and arrive 
at the LP as plasmablasts [B220-IgA* MHCII* 
(major histocompatibility class II-positive), here- 
after, PBs] (73). In the LP, PBs down-regulate the 
B cell receptor and MHCII and differentiate into 
plasma cells (B220- IgA*"°*MHCII°“CD138", 
hereafter, PCs) (fig. SIF). The proliferation of 
IgA-producing cells in LP was assessed using fluo- 
rescent ubiquitination-based cell-cycle indicator 
(Fucci) mice, in which the cells in S-G2-M phase 
of the cell cycle are fluorescently marked (/4). 
Similar to humans, most of the proliferating cells 
were PBs (/3, /5), and the frequency of PBs in 
the cell cycle was comparable for PdcdI’ mice 
and WT mice (fig. S1F). 

We next determined the turnover of IgA- 
producing cells in LP based on 5-bromo-2’- 
deoxyuridine (BrdU) incorporation. Mice were 
continuously fed BrdU for 10 days, and then 
BrdU was removed from their drinking water. 
Ten days after the initiation of BrdU administra- 
tion, there were significantly more BrdU" PBs in 
the LP of PdcdI mice than in those of WT 
mice (Fig. 1F). Five days after the removal of 
BrdU, however, the frequency of BrdU * PBs was 
reduced by half in PdcdI~ mice, whereas the 
frequency of BrdU* PBs in WT mice remained 
unchanged (Fig. 1F). In contrast, the frequency of 
BrdU-labeled PCs did not differ significantly 
between Pdcdl and WT mice (Fig. 1F). The 
higher turnover of PdcdI PBs may be the 
result of increased apoptosis. Cell death was as- 
sessed by detection of caspase activation. Com- 
pared with WT mice, we observed a significant 
increase in frequency of caspase" PBs and PCs 
in the LP of PdcdI~~ mice, but this diminished 
after antibiotic treatment (Fig. 1G and fig. S1G). 
Together, these results indicate enhanced com- 
mensal-driven turnover of IgA-producing cells in 
LP of PdcdI~ mice. 

Next, we examined the PPs of Pdcd1 ~~ mice. 
Compared with WT mice, Pdcdl~~ mice had 
significantly more peanut agglutinin—positive 
(PNA‘) Fas’ GC B cells and IgA” B cells in 
PPs (Fig. 2, A to C). Although we observed a 
modest increase in the frequency of light-zone B 
cells in the PP GCs of PdcdI~* mice (16) (fig. 
S2A), quantitative real-time fluorescence poly- 
merase chain reaction analyses of several impor- 
tant B cell markers for dark-zone and light-zone 
GC B cells did not show significant differences 
between PdcdI~ mice and WT mice (fig. S2B). 
A comparable proportion of IgA* GC cells from 
PdcdI and WT mice were in cell cycle, as 
assessed by Fucci or a 12-hour BrdU pulse test 
(17) (fig. S2, A and C). The pulse-chase BrdU 
experiment revealed considerable differences in 
dynamics of IgA GCs in PdedI~ mice, howev- 
er. Namely, in both Pdcdi and WT mice, the 
frequency of GC and IgA” B cells that incor- 
porated BrdU reached a plateau of 95 and 80%, 
respectively, 5 days after the initiation of BrdU 
labeling (Fig. 2D). However, 5 days after the 
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sorbent assay (ELISA). Data points represent individual mice. 

(D) IgH V family usage and (E) the affinity maturation of IgA- 

producing cells from the LP of Pdcd1~and WT mice. Repr, replacement in 
CDR1 and CDR2; S,:a,, silent mutations in both CDRs and in framework 
regions 1 to 3 (FWR1-3) (22). The number of sequences analyzed (pooled from 
three mice per group) is indicated. (F) Frequency of BrdU* and (G) Caspase" 
IgA PBs and PCs from the LP of Pdcd1~ and WT mice as determined by flow 
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cytometry. Note that some of the BrdU* PCs may be also derived from 
peritoneal B1 cells. Data shown are combined from two independent sets of 
experiments. Mean + SEM (n = 3 to 5 mice per group). Two-tailed unpaired 
Student's t test was used for all statistical analyses; ***P < 0.001; **P < 0.01, 
*P < 0.05. 


Bwrt B220* 


Pdcd1~ 


BCL6 PD-1 AID CD3 AID 
Cc O wrt 
Hi Pdcat/- BrdU Chase 

PNA* Fast B220+IgAt = 1° a -e WTGC 
S 120 7 100 ¢ & go -O- Pdedt!- GC 
S400 é -* WT IgA* 
® 80 be > -* Paced! IgA 
Oo o 
€ 60 50 40 
DS 
eS 25 a 20 
D> 20 
O 9 0 0 — 

Days6 5 10 15 20 25 45 60 


Fig. 2. Increased numbers and enhanced dynamics of GC and IgA* B cells in PPs 
of Pdcd1~* mice. (A) Representative sections of the PPs and (B) flow cytometric 
profiles of PP cells from WT and Pdcd1~ mice stained as indicated to reveal the 
structure and characteristics of GCs. Scale bars, 100 uum. LZ (light-zone AID’) 
and DZ (dark-zone AID") are shown. (C) Absolute numbers of indicated B cell 
populations isolated from PPs of WT and Pdcd1~* mice. Means + SEM (n = 16 
mice per group). (D) Frequency of BrdU* GC B cells (PNA*Fas*) and B220*IgA* B 


cells from PPs of Pdcd1~* and WT mice as determined by flow cytometry. Data 
are combined from two independent sets of experiments. Means + SEM (n = 3 to 
5 mice per group). (E) Representative charts of clonal diversity, calculated as 
frequency of transcripts of a given in-frame V,-(N)-D-(N)-], rearrangement of GC 
IgA* B cells in PPs of Pdcd1~ and WT mice. The number of productive sequences 
compared is indicated. Two-tailed unpaired Student's t test was used for all 
statistical analyses; **P < 0.01; *P < 0.05. 


removal of BrdU, the frequency of labeled GC 
and IgA‘ B cells was reduced by half in PdedI 
mice, whereas most of the BrdU~ cells remained 
in the PPs in WT mice (Fig. 2D). The significant 
drop in BrdU* cells in PPs of PdcdI” mice 
could be the result of increased cell death in situ. 
However, there were no differences in the fre- 
quency of caspase” GCs and IgA* cells for 
WT and PdcdI~ mice (fig. S2D). The data sug- 
gest that the increased turnover of IgA” B cells 
in PPs of PdcdI~ mice may be because they 
pass through the GCs more rapidly. Also, the 
increased number of GC B cells in PdedI~ 
mice likely results from more inflow of B cells 
into GCs. Indeed, the frequency and numbers 
of IgD* cells with an early GC phenotype 
(B220'IgD IgA” GL7'Fas*CCR6°) (78) were 
higher in PP of Pdcd!~ mice (fig. S2, E and 
F). Taken together, our results suggest that 
PD-1 deficiency is associated with an increased 
import and export of B cells into the GC. Such 
an abbreviated transit time likely results in im- 
paired clonal selection and expansion of IgA* 
B cells in GCs of PPs, as shown by the reduction 


of the frequency of clonally related IgA sequences 
[identical V};-(N )-D-(N )-Jyy where Vy, is the var- 
iable region of the immunoglobulin heavy chain, 
Nis arandom nucleotide, D is the diversity region, 
and Jy is the joining region of the immunoglobulin 
heavy chain] in PdedI’ mice compared with 
WT mice (Fig. 2E). 

We then asked why PD-1 deficiency causes 
such changes in the dynamics of GC B cells in 
PPs. It is well established that the number and 
activation status of T cells—and Try cells in 
particular—play a fundamental role in shaping 
GC biology. In fact, B cells compete for T cell 
help before entry into GCs, as well as within 
GCs, and deregulation of Try cells leads to inap- 
propriate GC B cell selection and humoral auto- 
immunity (/6—19). Thus, we assessed Ty cells 
in the PPs of PdcdI mice. The frequency and 
absolute number of CD4” T cells, including 
CXCR5"ICOS" (high levels of ICOS, protein- 
inducible costimulator) Ty, cells, were signifi- 
cantly increased in PPs of Pdcd1 ~ mice (Fig. 3, 
A and B, and Fig. 2A). The ratio of Try to GC 
B cells in PdcdI~ mice was twice as high as 


that in WT mice (Fig. 3C). The expression of 
BCL6, a transcription factor required for Try 
differentiation, was higher in all CD4* T cell sub- 
sets, including the Try cells in PPs of PdcdI* 
mice (Fig. 3A). In contrast, the expression of 
interferon regulatory factor 4 (IRF4), which is 
required for the production of interleukin-21 
(IL-21), the cytokine that promotes growth and 
differentiation of IgA* B cells into PCs (79, 20), 
was reduced in Ty; as well as CXCR5"ICOS™ 
cells from PdcdI~ mice. Indeed, Try cells from 
PdcdIl mice produced less IL-21 compared 
with those from WT mice, as previously reported 
(21) (Fig. 3, D and E). Furthermore, the propor- 
tion of Try cells producing interferon-y (IFN-y) 
was increased in PPs of PdcdI mice. 

In order to better characterize how Try cells 
may contribute to the altered GC responses ob- 
served in PdcdI~ mice, we decided to evalu- 
ate the ability of PD-1-deficient Ty cells to 
support IgA generation in gut in vivo. Thus, PP 
CXCRS"ICOS™ Tyy cells were isolated from 
PdcdI and WT mice and were adoptively 
transferred into T cell-deficient (lacking the 
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Fig. 3. Expansion of activated T cells and skewed cytokine profiles of Try 
cells in PP GCs of Pdcd1~ mice. (A) Representative flow cytometric profiles 
and plots of PP cells from WT and Pdcd1~ mice stained for the indicated 
markers. Numbers in the graphs indicate the geometric mean fluorescence 
intensity of BCL6 and IRF4 in the corresponding color-coded T cell subset 
gates. (B) Absolute numbers of major T cell populations and (C) the ratio of 
Try cells to GC B cells in the PPs of Pdcd1~* and WT mice. Means + SEM (n = 


at least 5 mice per group). (D) Flow cytometric profiles and (E) mRNA ex- 
pression of indicated cytokines in PP T cell subsets. Numbers represent 
percentage of cells in the quadrants or gates. Relative amounts of mRNA 
normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are shown. 
Means + SEM of at least two independent experiments. Two-tailed unpaired 
Student's t test was used for all statistical analyses; ***P < 0.001; **P < 0.01, 
*P < 0.05. 
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CD3e subunit, Cd3e’) mice. Injection of Try 
cells from both WT and PdcdI mice into 
Cd3e*~ mice reconstituted the GC B cells and 
B220'IgA* B cells in PPs (Fig. 4, A and B). 
However, Cd3e" mice transferred with PD-1— 
deficient Tyy cells generated very few IgA- 
secreting cells in the LP compared with mice 
injected with WT Try cells (Fig. 4, A to C). The 
few IgAs induced by PdcdI” Tpy cells had 
increased turnover (which mirrored the intact 
PdcdIl* mice) and a comparable number of 
mutations in their Vj; genes and affinity matura- 
tion index with those induced with the help of 
WT Try cells (Fig. 4, D and E, and fig. S3A). 
Similar to what we observed in PdedI~ mice, 
the absolute number of PP Try cells was much 
higher in Cd3e’ mice that received PdedI” 
Try cells than in mice injected with WT Try 
cells, and the PdcdI~~ Try cells maintained their 
skewed cytokine profile (Fig. 4F, and fig. S3, B 
and C). The results indicate that Ty cells in 
PdcdI mice preclude the generation of IgA- 
secreting cells in gut. On the other hand, both 
PD-1-deficient and sufficient Foxp3” T cells, 
which, as previously reported (22), did not ex- 
pand much but converted into IL-21—producing 
Tru cells in PPs, supported the generation of LP 
IgAs after the transfer into Cd3e* mice (Fig. 4, 
B, C, and F; and fig. S3, D and E). It was in- 
teresting that the IgAs induced by Foxp3" T cells 
had significantly fewer mutations and low af- 
finity maturation compared with those induced 
upon transfer of Ty cells (Fig. 4, D and E). These 
observations suggest that a significant fraction of 
PCs in PdedI” mice may be generated with the 
help provided by Ty cells derived from Foxp3* 
T cells. 

Taken together, the results indicate that (1) the 
quality of gut IgAs critically depends on the 
number and the nature of Try cells in PPs; (ii) 
PD-1 deficiency interferes with the selection of 
B cells in GCs; and (ili) in addition to selection 
in PP GCs, IgAs appear to undergo a second, 
commensal-driven selection in the LP. Thus, the 
LP may serve not only as reservoir of PC but 
also as a site where proliferating PB are reselected 
to fit the geographical distribution of dynamic 
bacterial communities along the intestine. 

In PdedI~ mice, as in SHM-defective 
AID°?S mice (23), the gut microbiota induce 
hyperactivation of the systemic immune sys- 
tem (fig. S4, A and B). Indeed, along with T 
and B cell hyperplasia, we found that serum 


from PdcdI~ mice contained antibodies specific 
for components of commensal bacteria, which 
indicated a breach of normal mucosal-systemic 
compartmentalization (fig. S4, A and C) (24). On 
the basis of the data presented here, we propose 
that the skewed gut microbial communities that 
result from the dysregulated selection of IgAs 
drive the expansion of self-reactive B and T 
cells. Our studies have implications for how 
modulation of PD-1 expression promotes toler- 
ance or uncontrolled immune reactions leading 
to autoimmunity. 
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Fig. 4. T;, cells from Pdcd1~ mice are impaired in their ability to support the generation of IgA plasma 
cells in gut. (A) Representative flow cytometric profiles of cells isolated from PPs and LP stained for the 
indicated markers. Numbers represent percentage of cells in the indicated gates. (B) Sections of the PPs 
and small intestine stained as indicated and (C) fecal IgA levels as determined by ELISA from the Cd3e”— 
mice 3 months after reconstitution with T,, cells and Foxp3* T cells from WT and Pdcd1~* mice. Scale 
bars, 100 um. (D) Absolute number of somatic mutations in Vj genes and (E) the affinity maturation of 
the IgA-producing cells from the LP of Cd3e” mice at 3 months after the reconstitution with the T cells 
indicated. The number of sequences analyzed: WT, Try = 171; Pdcd1~, Try = 175; WT Foxp3*, T = 153; 
Pdcd1- Foxp3*, T = 177. (F) Total numbers of indicated cells from the PPs of Cd3e* mice at 3 months 
after the reconstitution with the T cells indicated. Means + SEM (n = 2 to 3 mice per group). Two-tailed 
unpaired Student's t test was used for all statistical analyses; ***P < 0.001; **P < 0.01. 


References and Notes 

1. S. Fagarasan, S. Kawamoto, O. Kanagawa, K. Suzuki, 
Annu. Rev. Immunol. 28, 243 (2010). 

2. J. Jacob, G. Kelsoe, K. Rajewsky, U. Weiss, Nature 354, 
389 (1991). 

. M. Muramatsu et al., Cell 102, 553 (2000). 

. N. M. Haynes et al., J. Immunol. 179, 5099 (2007). 

. T. Okazaki, T. Honjo, Trends Immunol. 27, 195 (2006). 

. H. Nishimura, M. Nose, H. Hiai, N. Minato, T. Honjo, 
Immunity 11, 141 (1999). 

7. H. Nishimura et al., Science 291, 319 (2001). 

8. T. Okazaki et al., J. Exp. Med. 208, 395 (2011). 

9. R.E. Ley et al., Proc. Natl. Acad. Sci. U.S.A. 102, 11070 
(2005). 

. L.A. van der Waaij, P. C. Limburg, G. Mesander, 
D. van der Waaij, Gut 38, 348 (1996). 

. U. Hershberg, M. Uduman, M. J. Shlomchik, S. H. Kleinstein, 
Int. Immunol. 20, 683 (2008). 

12. Materials and methods are available as supplementary 

materials on Science Online. 

13. H. E. Mei et al., Blood 116, 5181 (2010). 

. A. Sakaue-Sawano et al., Cell 132, 487 (2008). 

15. S. Yuvaraj et al., J. Immunol. 183, 4871 (2009). 

16. G. D. Victora et al., Cell 143, 592 (2010). 

17. C. D. Allen, T. Okada, H. L. Tang, J. G. Cyster, 
Science 315, 528 (2007). 

. T. A. Schwickert et al., J. Exp. Med. 208, 1243 (2011). 

19. C. G. Vinuesa, S. G. Tangye, B. Moser, C. R. Mackay, 

Nat. Rev. Immunol. 5, 853 (2005). 


nu pw 


20. H. Kwon et al., Immunity 31, 941 (2009). 

21. K. L. Good-Jacobson et al., Nat. Immunol. 11, 535 
(2010). 

22. M. Tsuji et al., Science 323, 1488 (2009). 

23. M. Wei et al., Nat. Immunol. 12, 264 (2011). 

24. E. Slack et al., Science 325, 617 (2009). 


Acknowledgments: We thank T. Honjo, T. Okazaki, 

. Okada, |. Taniuchi, O. Kanagawa, N. Minato, and 

S. Casola for inspiring discussions, suggestions, and critical 
comments; M. Miyajima and D. Sutherland for critically 
reading of the manuscript; and Y. Murahashi and T. Kaji 
or technical assistance. The data reported in this paper 
are tabulated in the main paper and the supplementary 
materials. Supported by Grants-in-Aid for Scientific 
Research in Priority Areas (S.F.) and by RIKEN President's 
Discretionary Fund (S.F.) and Special Postdoctoral Researchers 
Program (S.K.). 


Supplementary Materials 
www.sciencemag.org/cgi/content/full/336/6080/485/DC1 
Materials and Methods 

Figs. $1 to $4 

References (25-34) 


9 December 2011; accepted 16 March 2012 
Published 27 April 2012 
10.1126/science.1217718 


An Essential Developmental 
Checkpoint for Production of the 


T Cell Lineage 


Tomokatsu Ikawa,? Satoshi Hirose,” Kyoko Masuda,’ Kiyokazu Kakugawa,* Rumi Satoh,* 
Asako Shibano-Satoh,? Ryo Kominami,” Yoshimoto Katsura,”? Hiroshi Kawamoto** 


In early T cell development, progenitors retaining the potential to generate myeloid and natural 
killer lineages are eventually determined to a specific T cell lineage. The molecular mechanisms 
that drive this determination step remain unclarified. We show that, when murine hematopoietic 
progenitors were cultured on immobilized Notch ligand DLL4 protein in the presence of a cocktail 
of cytokines including interleukin-7, progenitors developing toward T cells were arrested and the 
arrested cells entered a self-renewal cycle, maintaining non-T lineage potentials. Reduced 
concentrations of interleukin-7 promoted T cell lineage determination. A similar arrest and self- 
renewal of progenitors were observed in thymocytes of mice deficient in the transcription factor 
Bcli1b. Our study thus identifies the earliest checkpoint during T cell development and shows that 


it is Bcl11b-dependent. 


cells are generated from multipotent he- 

| matopoietic stem cells through a series 
of differentiation steps. The first step in 

this pathway is the generation of progenitors that 
have lost erythroid/megakaryocyte potential but 
retain the capacity to generate other hemopoietic 
cells, including myeloid, T, and B cells (/—6). We 
and others have recently identified the next stage, 
in which the T cell progenitors have lost B cell 
potential but are still able to generate myeloid cells, 
dendritic cells (DCs), and natural killer (NK) cells 
(7, 8). Therefore, the most critical step for devel- 
opment of the T cell lineage is now thought to be 
at the point where myeloid potential is terminated. 
We sought to identify the step at which pro- 
genitors become fully committed to the T cell 
lineage and what regulates this transition. A 
reliable way to substantiate that a given step is 
critical for the development of a lineage is to 
demonstrate developmental arrest at the stage 
before that step under particular conditions. In the 
case of B cell differentiation, deletion of £2a, 
Ebf, or Pax5 genes leads to an early develop- 
mental arrest before formation of a functional 
IgH chain gene; these arrested B cell progenitors 
undergo self-renewal and remain B lineage un- 
committed, with the potential to develop along 
other lineages, including myeloid and T cell (9—//). 
This case illustrates that such a critical develop- 
mental checkpoint exists at the step when un- 
committed B cell progenitors become determined 
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to the B cell lineage. Unlike the B cell lineage, to 
date no such checkpoint has been identified for 
the T cell lineage before the initiation of TCR 
gene rearrangement. 

As T cell progenitors develop, they proceed 
through developmental stages referred to as DN1 
to DN4 (double-negative CD4 CD8 ) that can be 
tracked by surface phenotype. The DN2 stage 
can be subdivided into two stages based on trans- 
genic green fluorescent protein (GFP) expression 
controlled by the proximal Ick (plck) promoter 
(Ick is a src family kinase selectively expressed 
by T cells). GFP cells retain non-T lineage 
potential, including that for myeloid cells, DCs, 
and NK cells, whereas the latter stage GFP’ cells 
are determined to the T cell lineage (7, 12). We 
designate these two stages DN2mt (myeloid-T) 
and DN2t (T-lineage determined) and term the 
step between these stages the DN2-determination 
step. This determination step is thought to be the 
first critical checkpoint in T cell development (/3). 

We cultured lineage-negative (Lin) c-kit" 
Sca-1* (LKS) cells from 13 days post-coitum (dpe) 
murine fetal liver with immobilized Delta-like 4 
(DLL4) protein in the presence of the cytokines 
SCF (stem cell factor), Flt3L (FMS-like tyrosine 
kinase ligand), and interleukin (IL)-7 (fig. S1). 
After 7 days of culture, cells remained at the DN 
stage (Fig. 1A, left panel), whereas in the control 
group, where cells were cultured with TSt-4 stro- 
mal cells expressing DLL4 (TSt-4/DLL4), gen- 
eration of CD4*CD8* double-positive (DP) cells 
was observed (fig. S2). Upon closer analysis on 
DN cells generated in the feeder-free condition, 
we observed that these cells resembled DN2mt 
cells (maintained c-kit™®"CD25") (Fig. 1A, right 
panel) and thus named them FFDN2 cells (feeder- 
free-cultured DN2-like cells). By several criteria, 
the FFDN2 cells appeared identical to DN2mt 
cells: (i) they gave rise to authentic af T cells 
when transferred to a TSt-4/DLL4 stromal cocul- 


ture system (fig. S3, A and B); (ii) they retained the 
potential to produce macrophages (Fig. 1B), NK 
cells, and DCs (fig. $3, C and D); (iii) intracellular 
T cell receptor (TCR) B chain protein was not 
expressed (Fig. 1C); and (iv) their gene expression 
profiles were similar to those of DN2mt cells (Fig. 
1D and fig. S4). Furthermore, GFP expression 
was not observed in FFDN2 cells generated from 
progenitors isolated from plck-GFP mice (Fig. 
1E). It is unlikely that this arrest is due to the fail- 
ure of TCR gene rearrangement because enforced 
expression of a functional TCRB chain gene did 
not prevent the developmental arrest (fig. S5). 
FFDN2 cells could not generate B cells (fig. S3E), 
indicating that dedifferentiation to more primitive 
progenitors did not occur in this culture system. Of 
note, FFDN2 cells showed an almost unlimited in 
vitro expansion (Fig. 1F), while essentially main- 
taining c-kit and CD25 expression (Fig. 1G) and a 
developmental potential comparable to that of 
freshly isolated DN2mt cells (fig. $6). Cells in the 
c-kit"CD25" fraction possessed the potential to 
maintain long-term culture, because long-term cul- 
ture could be maintained by using c-kit"CD25" 
cells at the time of passage (fig. S7). Such self- 
renewal capacity, together with our other results, 
indicated that the DN2-determination step may 
be a critical checkpoint for T cell development. 
To investigate the molecular mechanisms of 
T cell lineage determination, we searched for an 
environmental cue that could drive the arrested 
cells through the DN2-determination step. After 
testing various cytokines and Notch ligand con- 
ditions in the feeder-free culture system, we found 
that FFDN2 cells initiate differentiation when the 
concentration of IL-7 is reduced on day 7 of cul- 
ture (10 ng/ml to 1 ng/ml). In this induction sys- 
tem, GFP* DN3 cells appear on day 3 after IL-7 
reduction (Fig. 2A). These cells did not express 
myeloid-lineage transcription factors PU.J (Sfpil) 
and C/EBPa, whereas T cell lineage—associated 
genes such as Ick, Tcfl, pTa, and Bclilb were 
markedly up-regulated (Fig. 2B). Notably, cells 
in these cultures developed up to the oBTCR- 
expressing CD4'CD8" DP stage (Fig. 2C and figs. 
S8 and S9). Although the kinetics of DP cell growth 
was delayed compared with that in the TSt4/DLL4 
feeder cell culture system, the final yield of DP cells 
was nearly identical (fig. S10). The DP cells gen- 
erated by reducing the concentration of IL-7 ap- 
peared to be authentic DP cells, because they give 
rise to CD4 and CD8 single-positive (SP) cells 
when transferred to a fetal thymus organ culture 
system (fig. S11). These results demonstrated that 
aBTCR" cells can be generated from prethymic 
progenitors in a “feeder-free” culture system and 
that the TCRB-selection, which is thought to serve 
as the critical checkpoint for preTCR formation in 
progenitors, does not require additional environ- 
mental factors in this feeder-free culture system. 
Often transcription factors regulate cell lineage 
determination steps. Among genes up-regulated 
by our induction system, we focused on Bc//1b, 
aT cell lineage-specific transcription factor origi- 
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Fig. 1. Immobilized DLL4 with a combination of cytokines 
induces self-renewing expansion of immature thymocytes. (A) 
LKS progenitor cells (200 cells) from 13 dpc murine fetal liver 
were cultured with immobilized Fc-DLL4 supplemented with 10 
ng/ml of SCF, IL-7, and Flt3L for 7 days. Generated cells were 
harvested and stained with the indicated antibodies and analyzed 
by a flow cytometry. Data are representative of four independent 
experiments. (B) A photomicrograph of macrophages generated 
from FFDN2 cells. FFDN2 cells induced from green mouse 
progenitors in a similar manner as (A) were sorted and cultured 
with TSt-4 stromal cells for 14 days in the presence of 10 ng/ml 
M-CSF (macrophage colony-stimulating factor). Macrophages are 
seen as large GFP* cells. Scale bar, 100 tm. (C) Expression of 
intracellular (ic) TCRB in FFDN2 cells, in negative control cells 
generated in feeder-free culture using only the Fc portion 
(Control), and in positive control CD4*CD8* DP cells from an 
adult thymus. (D) mRNA expression of lineage-specific genes in 
cells derived from DN1, DN2mt, DN3, DP, and FFDN2 cells 
determined by quantitative reverse transcription polymerase 
chain reaction (RT-PCR). Expression was normalized to acidic 
ribosomal protein (ARP) mRNA expression, and the mean + SD of 
triplicate samples is shown. Data are representative of three 
independent experiments. (E) Flow cytometric analysis of GFP 
expression in FFDN2 cells generated from progenitors of plck-GFP 
mice in comparison with cells generated under TSt-4/DLL4 
conditions (Control). Data are representative of three indepen- 
dent experiments. (F) A growth curve of FFDN2 cells. Viable cells 
were enumerated at the indicated time points. (G) c-kit versus 
CD25 expression by FFDN2 cells after long-term culture. Fetal 
liver LKS cells were cultured under feeder (—) conditions for 30 
days and then analyzed by flow cytometry. Data are representa- 
tive of four independent experiments. 


Fig. 2. Reduction of IL-7 concentration induces 
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the generation of DP cells in feeder-free culture. (A) 
LKS cells (200 cells) from 13 dpc fetal liver were 
cultured with immobilized Fc-DLL4 in the presence of 


SCF, IL-7, and Flt3L (10 ng/ml). After 7 days, the 
concentration of IL-7 was maintained or reduced to 
1 ng/ml, and the cells were cultured for an additional 
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3 days. Cells were analyzed by flow cytometry. Data 
are representative of three independent experiments. 
(B) mRNA expression of lineage-associated genes in 
cells cultured in the presence of 10 ng/ml or 1 ng/ml 
of IL-7 in the same manner as (A). Expression was 
normalized to ARP mRNA expression, and the mean + 
SD of triplicate samples is shown. Data are rep- 
resentative of three independent experiments. (C) 
Flow cytometric analysis of cells generated 7 days 
after switching to cultures with either high or low IL-7 
concentration. Cells were analyzed for the expression 
of CD4 versus CD8 and TCRB versus TCRy8. Data are 
representative of five independent experiments. 


leer: 


are 


plck-GFP 


plck-GFP 


IL-7 (10ng/ml) 


7 


mRNA expression 


Number of cells 


FFDN2 cells 


—_> icTCRB 
= Control 
= FFDN2 
— DP 


0.12 


0.08 


o-r-NW ADA 


plck-GFP 
G 


ie] 
o 
0 10 20 30 > 
Culture days CD25 
PU.1 C/EBPa pla 
ss 0.8 
0.4 
ne 0.6 
02 0.4 
0.1 0.2 
0) () 
10 1 10 1 10 1 
Ick Tcf-1 Bel11b 
1.2 1.6 
ae 1.2 
0.8 
oe 0.4 
aC iar 
10 1 10 1 10 1 
IL-7 (1ng/ml) 


nally identified as a tumor suppressor in murine 
T cell lymphoma (/4). Bell 1b-deficient mice ex- 
hibit impaired thymocyte development around 
the DN3 to immature SP stage because of an in- 
ability to rearrange the Vg to Dg gene segments 
(15). We carefully reexamined the phenotype of 
fetal thymus cells from Bel11b-deficient mice and 
found that, at 18 dpc, there was a developmental 


arrest at the DN2 stage (Fig. 3A). Despite this, the 
absolute number of DN2 cells was not increased 
(Fig. 3B), indicating that self-renewing expansion 
is not so prominent in vivo, a difference that could 
be due to the limited niche space in the thymus for 
early progenitors. We cultured these DN2 cells 
under TSt-4/DLL4 conditions, which can support 
T cell differentiation up to the DP stage. In such 
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Fig. 3. Bcl11b is essential for T cell lineage determination. (A) Flow cytometric analysis of fetal 
thymocytes from Bcl11b~~ mice. Profiles are shown for CD4 versus CD8 of 18 dpc fetal thymocytes, and 
c-kit versus CD25 of cells gated in upper panels, from the indicated mice. For each group, more than five 
mice were individually analyzed, and representative profiles are shown. (B) Absolute numbers of total 
thymocytes and DN2 cells in 18 dpc fetuses of the indicated Bcl11b genotypes. More than five mice were 
individually analyzed for each group, and the mean + SD is shown. (C) Flow cytometric analysis of c-kit 
versus CD25 of fetal liver LKS cells from Bcll1b~~ mice cultured on TSt-4/DLL4 stromal cells for 30 days. 
Data are representative of three independent experiments. (D) Generation of macrophages and NK cells 
from cultured Bcl11b~~ fetal liver cells. The c-kit* CD25* cells shown in (C) were cultured (200 cells per 
well) for 7 days with TSt-4 cells in the presence of M-CSF (left panel) or IL-15 (right panel) and analyzed for 
macrophage and NK cell markers by flow cytometry. Data are representative of three independent 
experiments. (E) Fetal liver cells from Bcl11b*’* or Bcl11b~~ mice (Ly5.2) were transferred into lethally 
irradiated mice (Ly5.1). Flow cytometric profiles of reconstituted thymocytes of recipient mice 8 weeks 
after transfer are shown. In right panels, profiles of cells gated on CD3-CD4 CD8° [triple negative (TN)] 
fraction are shown. For each group, more than five mice were individually analyzed, and representative 
data are shown. 


cultures, BcllJb “cells continued to proliferate 
even after 4 weeks, maintaining their DN2 surface 
phenotype (Fig. 3C). Similar to FFDN2 cells, 
BcllIb ’ DN2 cells exhibited features of DN2mt 
cells, including the potential to develop into macro- 
phages and NK cells (Fig. 3D), and loss of B cell 
potential (fig. S12). 

Bcll1b deficiency is lethal around the neo- 
natal period (5). To investigate whether the de- 
velopmental arrest of Bcll1b ’ progenitors is 
seen in the adult thymus, where T cells are con- 
tinuously generated, we produced chimeric mice 
by transferring BcllJb’ fetal liver cells into 
irradiated B6Ly5.1 congenic mice. At 8 weeks 
after transfer, we observed nearly complete de- 
velopmental arrest at the DN2 stage, with only a 
few DP cells (Fig. 3E). Similar to ex vivo fetal 
thymocytes of Bclllb’ mice and cultured 
Bclllb ’ DN2 cells, the arrested DN2 cells 
were equivalent to DN2mt cells. There was no 
increase in thymic B cells in the recipients of the 
Bclllb ’ fetal liver cells (fig. S13), indicating 
that the Belllb “ DN2 cells that developed in the 
thymus did not dedifferentiate into more primitive 
progenitors in vivo. 

The similar stage of arrest in the DLL4/IL-7 
cultures and in the Bcll/b “ mice suggested that 
the arrest in the cultures may be due to a failure to 
up-regulate Bcll1b. To examine this possibility, 
we retrovirally transduced Bcll1b cDNA into fe- 
tal liver LKS cells and cultured these transduced 
cells under DLL4/IL-7 conditions. The Bcl11b- 
transduced cells could give rise to DN3 cells even 
in the presence of a high concentration of IL-7 (Fig. 
4A), and TCRB gene rearrangement was enhanced 
(Fig. 4B), whereas myeloid-lineage—associated 
genes were suppressed (Fig. 4C), demonstrating 
that Bcll 1b expression eliminated the DN2 arrest 
that occurred in the DLL4/IL-7 cultures. 

As has been reported (/6), the absence of 
Bcll1b had a severe impact on the generation of 
thymic aT cells, whereas there was little effect 
on the generation of yd T cells (fig. S14A). The 
same is true for cells generated in the DLL4/IL-7 
cultures (fig. S14B). These results suggested that 
the segregation to the y6T cell lineage occurs 
before the DN2mt stage, although the possibility 
still remains that the y6 T cells that had been gen- 
erated from “leaky” DN3 cells underwent com- 
pensatory proliferation. 

The developmental steps just after the forma- 
tion of preTCR (DN3 stage) and af TCR (DP 
stage) serve as critical checkpoints (16, 17), and 
cells that fail to pass these points succumb to 
apoptotic cell death. In contrast, the arrested 
progenitors at the DN2-determination step enter a 
self-renewal cycle. The appearance of self- 
renewing progenitors among Bclllb “ thymo- 
cytes may explain the previous findings that 
loss-of-function mutations in the Bcl//b gene are 
frequently observed in murine T cell lymphomas 
induced by y irradiation (/4) and that chromo- 
somal aberration disrupting Bcl//b gene was 
identified in human T cell acute lymphoblastic 
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Fig. 4. Enforced expression of 
Bcllib abrogated the DN2 arrest 
in the DLL4/IL-7 cultures. (A to C) 
LKS cells from 13 dpc Bé fetal liver 
were transduced with murine stem 
cell virus (MSCV)—Bcl11b or MSCV- 
control vector. Two days later, GFP* 
cells were sorted and cultured with 
immobilized Fc-DLL4 in the pres- 
ence of 10 ng/ml of SCF, IL-7, and 
Fit3L for 7 days. Flow cytometric 
profiles of CD4 versus CD8, c-kit 
versus CD25, and CD44 versus 
CD25 expression (A), icTCRB ex- 
pression (B), and mRNA expression 
(© in generated cells are shown. Ex- 
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leukemia cases (/8), because the acquisition of 
self-renewal capacity is regarded as the first step 
in leukemia development. In this context, a sim- 


ilar outcome was recently observed when Lmo2, 
a known oncogene, was overexpressed in thymo- 


cytes and caused the cells to enter a self-renewal 
cycle in vivo (/9). 

The present study thus defines a Bcll1b- 
driven checkpoint at which T cell progenitors 
terminate non-T-lineage potential in order to be- 
come determined to the T cell lineage (fig. S15). 
Our finding that Bclllb up-regulation can be 
triggered by an extrinsic cue, diminished IL-7, 
suggests that progression through the DN2- 
determination step is instructed by environmental 


signals in the thymus. It is quite likely that the 
reduction in IL-7 signaling is a physiological 
mediator of this step, because the IL-7R is dra- 
matically down-regulated at the transition from 
the DN2 to the DN3 stage (20). Considering that 
Bclllb is thought to be a transcriptional repres- 
sor, we speculate that Bcll1b directly suppresses 
myeloid-lineage—associated genes, such as PU.1 or 
C/EBPa, and that such suppression is critical for 


differentiation toward the T cell fate. 

A recent study demonstrated that Bcll1b is 
expressed in the T cell-like lymphoid cells of 
lamprey (2/). Because a Bell 1b homolog has not 
been found in animals other than vertebrates 
(fig. S16), we propose that Bcl11b arose in phy- 


logeny to construct a new lineage distinct from 
the preexisting innate type killer cells. 
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Repression of the Transcription 
Factor Th-POK by Runx Complexes 
in Cytotoxic T Cell Development 


Ruka Setoguchi,**t Masashi Tachibana,’* Yoshinori Naoe,’* Sawako Muroi,*? 
Kaori Akiyama,” Chieko Tezuka,? Tsukasa Okuda,? Ichiro Taniuchi?+ 


Mouse CD4*CD8* double-positive (DP) thymocytes differentiate into CD4* helper-lineage 

cells upon expression of the transcription factor Th-POK but commit to the CD8* cytotoxic lineage in its 
absence. We report the redirected differentiation of class I-restricted thymocytes into CD4*CD8~ 
helper-like T cells upon loss of Runx transcription factor complexes. A Runx-binding sequence within the 
Th-POK locus acts as a transcriptional silencer that is essential for Th-POK repression and for development 
of CD8* T cells. Thus, Th-POK expression and genetic programming for T helper cell development are 
actively inhibited by Runx-dependent silencer activity, allowing for cytotoxic T cell differentiation. 
Identification of the transcription factors network in CD4 and CD8 lineage choice provides insight into 
how distinct T cell subsets are developed for regulating the adaptive immune system. 


after developing thymocytes have under- 
gone a series of developmental selection 
processes. CD4*CD8* double-positive (DP) thy- 


T: peripheral T cell repertoire is formed 


mocytes undergo positive selection through T 
cell receptor (TCR) interaction with major histo- 
compatibility complex (MHC) proteins. This 
gives rise to two functionally distinct subsets: 


CD4*CD8" helper and CD4 CD8°* cytotoxic T 
cells. Cells expressing MHC class Il-restricted 
TCRs differentiate into the helper lineage and 
cease CD8 expression, whereas cells expressing 
class restricted TCRs differentiate into the cyto- 
toxic lineage and silence CD4 expression (/—3). 
Recently, gain or loss of function of the BTB/POZ 
domain—containing zinc finger transcription factor, 
Th-POK, revealed that its expression is essential 
and sufficient for development of helper-lineage 
cells (4, 5). 
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Fig. 1. Differentiation of class restricted cells into CD4*CD8~ helper-like 
cells by loss of Runx complex function. (A) CD4 and CD8 expression in lymph 
node afT cells from mice with indicated genotypes. (B) CD4 and CD8 
expression in mature thymocytes and LN TCRB* T cells either in the presence 
(II*) or absence (II°) of I-A MHC class II molecules. (C) Cell numbers of mature 
thymocytes and splenocytes showing CD4*CD8" oT cells in class II* control 
mice (lane 1), class II° control mice (lane 2), class II* Runx14“464“"6-Runx3:Cd4 


mice (lane 3), and class II° Runx1*446"#6-Runx3:Cd4 mice (lane 4). Error bars 
indicate standard deviation. (D) Expression of CD154 at 42 hours after in vitro 
TCR stimulation of control CD4*, CD8*, and class I-restricted CD4*CD8™ cells. 
Intracellular staining of IL-4 and IFN-y analyzed at 6 hours after re-stimulation 
of cells that were cultured for 5 days after initial TCR stimulation. Numbers in 
the plots in (A), (B), and (D) indicate the percentage of cells in each quadrant 
or region. 
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Runx transcription factor complexes are com- 
posed of heterodimers for one of three Runx 
proteins and their obligatory non—-DNA-binding 
partner, CbfB protein (6). Because of the em- 
bryonic or neonatal lethality of mice deficient for 
any of Runx family genes, we used the Cre/loxP- 
mediated conditional gene inactivation (7) to 
clarify Runx complex function in silencing of 


the Cd4 gene (8) and recently reported that the 
combined inactivation of Runx] and Runx3 in 
DP thymocytes resulted in a dramatic loss of 
CD8" T cells (9). Runx proteins possess a con- 
served Val-Trp-Arg-Pro-Tyr (VWRPY) motif at 
the C-terminal end, allowing the recruitment of 
the Groucho/TLE co-repressor proteins to their 
target genes (10, 1/1). To test whether VWRPY- 


dependent repression might be involved in the 
loss of CD8* T cells, we introduced the Runx1**” 
allele (12) that generates a mutant Runx1 pro- 
tein lacking the VWRPY motif on a Runx3- 
deficient background (Runx3/:Cd4 mice) (13). 
A marked reduction of splenic CD8" T cells in 
Runx1%*4°4"- Runx3"Cd4 mice (Fig. 1A and 
fig. S1) indicated that VWRPY-dependent repres- 
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Fig. 3. Identification and characterization of RBSs at the Th-POK locus. (A) 
The structure of the murine Th-POK locus is shown at the top. Circles rep- 
resent putative Runx motifs, with those in red indicating evolutionarily 
conserved Runx motifs. Black boxes represent exons, and each green bar 
represents the signal intensity of an individual oligonucleotide probe in a 
ChIP-on-chip experiment. Blue boxes represent RBSs. The maps for each 
reporter transgene construct (Tg-a to Tg-g) are indicated. The restriction sites 
shown are Eco47III (E47), EcoRV (RV), Hindlll (H), Kpnl (Kp), and Xhol (X). (B) 
0 ChIP experiment showing binding of Runx complexes to RBS-1 and RBS-2 in 
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thymocytes. (C) Relative Th-POK expression abundances after reconstitution 
of Runx complex function. Purified CD4*CD8~ and CD4*cD8"" cells from 
Cbf8:cd4_ mice were transduced with control retroviral vector (GFP) or 
vector encoding CbfB (Cbf8). 
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the indicated cell subsets. The regions at 1 kb upstream of exon la (UP1) and 
the TCRB enhancer (TCRB) were used as negative and positive controls, 
respectively. (C) Histograms showing the GFP expression in the indicated T 
cell subsets from representative transgenic founder for each construct. The 
dashed line indicates nontransgenic littermate control. Numbers in the 
histogram indicate the percentage of GFP* cells, and numbers in parenthesis 
indicate mean fluorescent intensity of GFP in GFP* cells. The numbers of 
transgenic founders expressing GFP among the total transgenic founders are 
indicated at right. 


sion by Runx! was involved in the generation of 
CD8" T cells. Because the leaky CD4CD8* 
subset that escaped Cre-mediated recombination 
(9) was less apparent in RunxI*“°°“ Runx3:Cd4 
mice (Fig. 1A), we used these mice for further 
analyses. 

Potentially, the loss of CD8* T cells could 
occur either by a developmental block of class 
I-testricted cells or by a redirection of class I- 
restricted cells toward the CD4*CD8° lineage. 
To determine whether CD4'CD8° cells that emerge 
in Runx mutant mice are class [restricted or 
redirected class [+estricted cells, we crossed 
Runx 14°? Runx3!Cd4 mice onto a MHC 
class I-deficient background (/4). Although 
there was a marked decrease in CD4°CD8” T 
cell numbers in control class II-deficient mice, 
the predominance of CD4"CD8" T cells persisted 
in class H-deficient Runx 144? -Runx3”:Cd4 
mice in both the thymus and the periphery 
(Fig. 1, B and C). These results indicated that 
the absence of Runx complexes forced the ma- 
jority of class [restricted cells to differentiate 
into CD4°CD8° T cells. 

We next examined the functional properties 
of these CD4"CD8° cells. One of the character- 
istic features of CD4" helper-lineage T cells is the 
early induction of CD154, the ligand for CD40, 
after TCR stimulation (/5) and the production 
of interleukin-4 (IL-4). These were observed in 
control CD4* T cells as well as in class restricted 
CD4'CD8° cells, but not in control CD8* T cells 
(Fig. 1D). In contrast, although high interferon-y 
(IFN-y) production was detected in control CD8* 
T cells, it was absent in both wild-type CD4° T 
cells and in class I-restricted CD4*CD8° cells 
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(Fig. 1D). We conclude from these results that 
class I-restricted CD4*CD8° cells that develop 
in Runx mutant animals are functionally helper- 
like T cells. 

Because ectopic expression of Th-POK has 
been shown to redirect class [restricted cells to 
become CD4*°CD8° cells (4, 5), we measured 
the expression of 7h-POK in several Runx mu- 
tant mice, including a strain in which the ChbfB 
gene is conditionally inactivated by either a Lck- 
Cre or a Cd4-Cre transgene (/3). Consistent 
with a previous report (4), Th-POK expression 
was not detected in control CD69 DP thymo- 
cytes. In contrast, a 40-fold increase in Th-POK 
transcript abundances was detected in CD69" 
DP thymocytes in which Runx complexes were 
disrupted either by combined Runx1 mutations 
with a Runx3 deficiency or by loss of Cbfp 
protein (Cbf8”-Lck mice) (Fig. 2A). A modest 
Th-POK de-repression by inactivation of Runx] 
alone indicated a redundant function of Runx3 
in the repression of 7h-POK. 

Although 7h-POK mRNA was undetectable 
in control CD8* T cells and in CD8" T cells 
deficient for Runx! or Runx3, it was present in 
CbfB-deficient CD4°CD8"™ T cells (Fig. 2B) 
that still developed in Cbf8””:Cd4 mice because 
of the slow turnover of CbfB protein after inac- 
tivation of the CbfB gene (/3). We therefore next 
examined whether 7h-POK repression could be 
restored in these CD4*CD8™ cells upon re- 
expression of Cbf protein. Purified CD4°CD8™ 
and CD4*CD8" cells were transduced with a 
retroviral vector encoding CbfB or with an empty 
vector control. In these experiments, expres- 
sion of Th-POK was markedly reduced upon re- 


TCRB* LN cells 
++ 


expression of CbfB in CD4*CD8'" cells, with 
no detectable effect in CD4*°CD8 cells (Fig. 2C). 
These results suggest that Runx-mediated 7h-POK 
repression operates in peripheral CD8* T cells. 

To understand mechanisms underlying Runx- 
mediated repression of 7h-POK, we examined 
whether Runx complexes directly associate with 
the 7h-POK locus. Using a ChIP-on-chip (ChIP 
indicates chromatin immunoprecipitation) ap- 
proach with an antibody against CbfB2, we de- 
tected two regions occupied by Runx complexes 
within the 7h-POK locus. Distal and proximal 
Runx-binding sequences (RBS-1 and RBS-2, re- 
spectively) are located ~3.1 kb upstream and 
~7A4 kb downstream of exon Ia (Fig. 3A) and con- 
tain two or one conserved Runx motifs, respec- 
tively (Fig. 3A and figs. S2 and S3). By using 
ChIP analysis in T cell subsets, we confirmed an 
association between Runx complexes and these 
two regions (Fig. 3B). However, binding of Runx 
complexes to RBS-1 and RBS-2 was detected in 
both 7h-POK-expressing and nonexpressing 
cells, revealing that the binding of Runx com- 
plexes to these regions did not correspond with 
Th-POK repression. 

To better understand the functional activ- 
ities of RBS-1 and RBS-2 in light of these re- 
sults, we performed transgenic reporter assays. 
A 15.5-kb genomic fragment encompassing 
the RBSs and exons Ia and Ib was linked to a 
green fluorescent protein (GFP) reporter trans- 
gene cassette (Tg-a in Fig. 3A). In all trans- 
genic mouse founders obtained with Tg-a, 
GFP expression was first detected in post- 
selection CD4'CD8"™ thymocytes and was up- 
regulated in CD4* SP thymocytes, remaining 
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high in splenic CD4°* T cells, whereas it was 
almost undetectable in splenic CD8" T cells 
(Fig. 3C). The 15.5-kb fragment thus contains 
the major cis-regulatory regions that direct ex- 
pression of Th-POK in the helper lineage. 

To further narrow down the critical Th-POK 
regulatory regions, we deleted either 5’ or 3’ se- 
quences as well as RBS-1 from the 15.5-kb 
fragment. Whereas RBS-2 (fig. S3) was found to 
be required for positive transcriptional regulatory 
activity (as in the Tg-c and Tg-d constructs), 
deletion of a 674-bp fragment of RBS-1 (Tg-b) 
resulted in GFP expression both in CD4* helper- 
lineage and in CD8" cytotoxic-lineage cells, 
indicating that RBS-1 is a transcriptional silencer 
required to repress the reporter gene in CD8 
lineage cells. Efficient repression of GFP in CD8* 
T cells by a 562-bp fragment of RBS-1 (fig. S2) 
in the context of Tg-e construct required Runx 
motifs (Tg-f and Tg-g) (Fig. 3C), consistent 
with Runx-dependent activity of RBS-1 silencer. 

To examine the physiological function of the 
RBS-1 silencer, we deleted the 674-bp Kpnl- 
Eco47III sequences from the 7h-POK locus by 
homologous recombination in embryonic stem 
(ES) cells (Fig. 4A and fig. S4). Deletion of 
RBS-1 from one Th-POK allele led to the loss 
of peripheral CD8" T cells (Fig. 4B) and to the 
Th-POK de-repression in CD69” DP thymo- 
cytes (Fig. 4C). We further investigated Th-POK 
de-repression by using mice in which the coding 
sequence for Th-POK was replaced with the gfp 
gene (Th-POK“? locus). GFP expression in 
mice heterozygous for Th-POK“” allows us to 
examine expression of 7/-POK at the single-cell 
level. Although GFP expression from the 7h- 
POK™” locus was not detected in CD69. DP 
thymocytes, deletion of RBS-1 (Zh-POK@”** 
locus in Fig. 4A) resulted in uniform de-repression 
of GFP in CD69 DP thymocytes, followed by 
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high GFP expression in both helper- and 
cytotoxic-lineage mature thymocytes (Fig. 4D). 

Our results reveal that helper lineage-specific 
expression of 7h-POK is regulated by the RBS-1 
silencer, whose activity depends on binding of 
Runx complexes. We therefore refer to RBS-1 as 
the 7h-POK silencer (fig. S5). The association of 
Runx complexes with the 7h-POK silencer in 
cells expressing 7h-POK indicates that specific- 
ity of silencer activity is not regulated at the level 
of Runx complex binding. Additional molecules 
that interact with Runx factors bound to the 7h- 
POK silencer may therefore have a central role 
in regulating 7h-POK silencer activity. 

The antagonistic interplay between primary 
lineage-determining factors is often observed when 
two opposing fates are induced in progenitor 
cells (16, 17). Th-POK was recently described as 
an inhibitor of Runx-dependent Cd4 silencer ac- 
tivity (78), consistent with an antagonistic inter- 
play between these two factors. Identification of 
Th-POK and Runx complex target genes will 
help to further unravel the transcription factors 
network regulating lineage specification of DP 
thymocytes. 

Uniform de-repression of Th-POK in CD69~ 
DP thymocytes upon deletion of the 7h-POK si- 
lencer indicates that silencer-mediated 7h-POK 
repression operates in all pre-selection DP thymo- 
cytes. It is therefore possible that TCR signals 
after engagement of MHC class II result in 
antagonism of 7h-POK silencer activity and 
thus induce 7h-POK expression. Given that sus- 
tained class II-specific TCR signals are thought 
to be necessary for specification of the helper 
lineage (/9-2/), reversal of silencer-mediated 
Th-POK repression may require class II-specific 
TCR signals during a specified time window. 
Our results suggest that a mechanism regulating 
Th-POK silencer activity acts as a sensor to dis- 


tinguish qualitative differences in TCR signal- 
ing. Further studies on the regulatory pathways 
of 7h-POK repression will shed light on how 
signals initiated by external stimuli are con- 
verted into genetic programs in the cell nucleus. 
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PDLIM2 Inhibits T Helper 17 Cell Development 
and Granulomatous Inflammation Through 
Degradation of STAT3 


Takashi Tanaka,"+ Yu Yamamoto,” Ryuta Muromoto,? Osamu Ikeda,” Yuichi Sekine,? Michael J. Grusby,? Tsuneyasu 
Kaisho,** Tadashi Matsuda?t 


Granuloma formation is an important host defense mechanism against intracellular bacteria; however, uncontrolled 
granulomatous inflammation is pathologic. T helper 17 (T,,17) cells are thought to have a pathogenic role in autoimmune and 
inflammatory diseases, including in granulomas. Here, we report that the PDZ-LIM domain protein PDLIM2 inhibited T,,17 
cell development and granulomatous responses by acting as a nuclear ubiquitin E3 ligase that targeted signal transducer 
and activator of transcription 3 (STAT3), a transcription factor critical for the commitment of naive CD4* T cells to the 
T,,17 lineage. PDLIM2 promoted the polyubiquitination and proteasomal degradation of STAT3, thereby disrupting STAT3- 
mediated gene activation. Deficiency in PDLIM2 resulted in the accumulation of STATS in the nucleus, enhanced the extent 
of T,,17 cell differentiation, and exacerbated granuloma formation. This study delineates an essential role for PDLIM2 in 
inhibiting T,,17 cell-mediated inflammatory responses by suppressing STATS signaling and provides a potential therapeutic 
target for the treatment of autoimmune diseases. 
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ERKs Induce Expression of the Transcriptional 
Repressor Blimp-1 and Subsequent Plasma Cell 
Differentiation 


Tomoharu Yasuda,"+t Kohei Kometani,” Noriko Takahashi,’ Yuuki Imai,2t Yuichi Aiba,’ Tomohiro Kurosaki"*| 


In immune cells, the positive role of the extracellular signal-regulated kinase (ERK) signaling pathway in cell cycle 
progression and survival is well established; however, it is unclear whether ERK signaling plays a role in cell differentiation. 
Here, we report that ERKs are essential for the differentiation of B cells into antibody-producing plasma cells and that ERKs 
induce the expression of Prdm7, which encodes Blimp-1, a transcriptional repressor and “master regulator” of plasma cell 
differentiation. Transgenic mice with conditional deletion of both ERK1 and ERK2 in germinal center (GC) B cells lacked 
plasma cells differentiated after GC formation, and memory B cells from these mice failed to differentiate into plasma cells. 
In addition, ERK1- and ERK2-deficient B cells exhibited impaired Prdm7 expression upon stimulation with antibody against 
CD40 in the presence of interleukin-4; conversely, enforced expression of Prdm7 in ERK1- and ERK2-deficient B cells 
restored the generation of plasma cells. Thus, our study suggests that cytokines stimulate ERKs to induce the production of 
Blimp-1 and that ERKs thereby contribute to the process of cellular differentiation. 
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Induction of Colonic Regulatory T Cells by 
Indigenous Clostridium Species 


Koji Atarashi," Takeshi Tanoue," Tatsuichiro Shima,? Akemi Imaoka,? Tomomi Kuwahara,? Yoshika Momose,‘* 
Genhong Cheng,° Sho Yamasaki,® Takashi Saito,6 Yusuke Ohba,’ Tadatsugu Taniguchi,’ Kiyoshi Takeda,* Shohei 
Hori,° Ivaylo I. lvanov,'® Yoshinori Umesaki,? Kikuji Itoh,t Kenya Hondat"+ 


CD4* T regulatory cells gel which express the Foxp3 transcription factor, play a critical role in the maintenance of 
immune homeostasis. Here, we show that in mice, T,,,, were most abundant in the colonic mucosa. The spore-forming 
component of indigenous intestinal microbiota, particularly clusters IV and XlVa of the genus Clostridium, promoted Tas 
cell accumulation. Colonization of mice by a defined mix of C/ostridium strains provided an environment rich in transforming 
growth factor—8 and affected Foxp3* liens number and function in the colon. Oral inoculation of C/ostridium during the early 
life of conventionally reared mice resulted in resistance to colitis and systemic immunoglobulin E responses in adult mice, 


suggesting a new therapeutic approach to autoimmunity and allergy. 
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Identification of Therapeutic Targets for 
Quiescent, Chemotherapy-Resistant Human 
Leukemia Stem Cells 
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Human acute myeloid leukemia (AML) originates from rare leukemia stem cells (LSCs). Because these chemotherapy- 
resistant LSCs are thought to underlie disease relapse, effective therapeutic strategies specifically targeting these cells 
may be beneficial. Here, we report identification of a primary human LSC gene signature and functional characterization of 
human LSC-specific molecules in vivo in a mouse xenotransplantation model. In 32 of 61 (53%) patients with AML, either 
CD32 or CD25 or both were highly expressed in LSCs. CD32- or CD25-positive LSCs could initiate AML and were cell 
cycle—quiescent and chemotherapy-resistant in vivo. Normal human hematopoietic stem cells depleted of CD32- and CD25- 
positive cells maintained long-term multilineage hematopoietic reconstitution capacity in vivo, indicating the potential safety 
of treatments targeting these molecules. In addition to CD32 and CD25, quiescent LSCs within the bone marrow niche also 
expressed the transcription factor WT1 and the kinase HCK. These molecules are also promising targets for LSC-specific 


therapy. 
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Preferential Generation of Follicular B Helper 
T Cells from Foxp3* T Cells in Gut Peyer’s 
Patches 
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Shohei Hori,?+ Sidonia Fagarasan't 


Most of the immunoglobulin A (IgA) in the gut is generated by B cells in the germinal centers of Peyer’s patches through a 
process that requires the presence of CD4* follicular B helper T (Tru) cells. The nature of these T;1 cells in Peyer’s patches 
has been elusive. Here, we demonstrate that suppressive Foxp3*CD4* T cells can differentiate into T-4 cells in mouse 
Peyer’s patches. The conversion of Foxp3* T cells into Try cells requires the loss of Foxp3 expression and subsequent 
interaction with B cells. Thus, environmental cues present in gut Peyer’s patches promote the selective differentiation of 
distinct helper T cell subsets, such as Ten cells. 
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A Critical Role for the Innate Immune Signaling 
Molecule IRAK-4 in T Cell Activation 
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IRAK-4 is a protein kinase that is pivotal in mediating signals for innate immune responses. Here, we report that IRAK-4 
signaling is also essential for eliciting adaptive immune responses. Thus, in the absence of IRAK-4, in vivo T cell responses 
were significantly impaired. Upon T cell receptor stimulation, IRAK-4 is recruited to T cell lipid rafts, where it induces 
downstream signals, including protein kinase C® activation through the association with Zap70. This signaling pathway was 
found to be required for optimal activation of nuclear factor xB. Our findings suggest that T cells use this critical regulator of 
innate immunity for the development of acquired immunity, suggesting that IRAK-4 may be involved in direct signal cross 
talk between the two systems. 
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Autoimmune Disease and Impaired Uptake of 
Apoptotic Cells in MFG-E8—Deficient Mice 


Rikinari Hanayama,' Masato Tanaka,'’* Kay Miyasaka,'® Katsuyuki Aozasa,? Masato Koike,? Yasuo Uchiyama,’ 
Shigekazu Nagata‘'*:* 


Apoptotic cells expose phosphatidylserine and are swiftly engulfed by macrophages. Milk fat globule epidermal growth factor 
(EGF) factor 8 (MFG-E8 ) is a protein that binds to apoptotic cells by recognizing phosphatidylserine and that enhances 
the engulfment of apoptotic cells by macrophages. We report that tingible body macrophages in the germinal centers 
of the spleen and lymph nodes strongly express MFG-E8. Many apoptotic lymphocytes were found on the MFG-E8-— 
tingible body macrophages, but they were not efficiently engulfed. The MFG-E8-~ mice developed splenomegaly, with the 
formation of numerous germinal centers, and suffered from glomerulonephritis as a result of autoantibody production. These 
data demonstrate that MFG-E8 has a critical role in removing apoptotic B cells in the germinal centers and that its failure 
can lead to autoimmune diseases. 
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Innate Antiviral Responses by Means of TLR7- 
Mediated Recognition of Single-Stranded RNA 
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Interferons (IFNs) are critical for protection from viral infection, but the pathways linking virus recognition to IFN induction 
remain poorly understood. Plasmacytoid dendritic cells produce vast amounts of IFN-a in response to the wild-type influenza 
virus. Here, we show that this requires endosomal recognition of influenza genomic RNA and signaling by means of Toll-like 
receptor 7 (TLR7) and MyD88. Single-stranded RNA (ssRNA) molecules of nonviral origin also induce TLR7-dependent 
production of inflammatory cytokines. These results identify ssRNA as a ligand for TLR7 and suggest that cells of the innate 
immune system sense endosomal ssRNA to detect infection by RNA viruses. 
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Role of Adaptor TRIF in the MyD88- 
Independent Toll-Like Receptor Signaling 
Pathway 
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Stimulation of Toll-like receptors (TLRs) triggers activation of a common MyD88-dependent signaling pathway as well as a 
MyD88-independent pathway that is unique to TLR3 and TLR4 signaling pathways leading to interferon (IFN)-B production. 
Here we disrupted the gene encoding a Toll/IL-1 receptor (TIR) domain-containing adaptor, TRIF. TRIF-deficient mice 
were defective in both TLR3- and TLR4-mediated expression of IFN-8 and activation of IRF-3. Furthermore, inflammatory 
cytokine production in response to the TLR4 ligand, but not to other TLR ligands, was severely impaired in TRIF-deficient 
macrophages. Mice deficient in both MyD88 and TRIF showed complete loss of nuclear factor kappa B activation in response 
to TLR4 stimulation. These findings demonstrate that TRIF is essential for TLR3- and TLR4-mediated signaling pathways 
facilitating mammalian antiviral host defense. 


‘Department of Host Defense, Research Institute for Microbial Diseases, Osaka University, 7 ERATO, Japan Science and Technology Corporation, *Genome 
Information Research Center, 3-1 Yamada-oka, Suita Osaka 565-0871,Japan. *RIKEN Research Center for Allergy and Immunology, 1-7-22 Suehiro-cho, 
Tsurumi-ku, Yokohama, Kanagawa 230-0045, Japan 


*To whom correspondence should be addressed. E-mail: sakira@biken.osaka-u.ac.jp 


SCIENCE | VOL301 | 1AUGUST 2003 | PAGES 640-643 


Control of Regulatory T Cell Development by 
the Transcription Factor Foxp3 
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Regulatory T cells engage in the maintenance of immunological self-tolerance by actively suppressing self-reactive 
lymphocytes. Little is known, however, about the molecular mechanism of their development. Here we show that Foxp3, 
which encodes a transcription factor that is genetically defective in an autoimmune and inflammatory syndrome in humans 
and mice, is specifically expressed in naturally arising CD4* regulatory T cells. Furthermore, retroviral gene transfer of 
Foxp3 converts native T cells toward a regulatory T cell phenotype similar to that of naturally occurring CD4* regulatory T 
cells. Thus, Foxp3 is a key regulatory gene for the development of regulatory T cells. 
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Critical Roles of Activation-Induced Cytidine 
Deaminase in the Homeostasis of Gut Flora 
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Activation-induced cytidine deaminase (AID) plays an essential role in class switch recombination (CSR) and somatic 
hypermutation (SHM) of immunoglobulin genes. We report here that deficiency in AID results in the development of 
hyperplasia of isolated lymphoid follicles (ILFs) associated with a 100-fold expansion of anaerobic flora in the small intestine. 
Reduction of bacterial flora by antibiotic treatment of AID~— mice abolished ILF hyperplasia as well as the germinal center 
enlargement seen in secondary lymphoid tissues. Because an inability to switch to immunoglobulin A on its own does 
not lead to a similar phenotype, these results suggest that SHM of ILF B cells plays a critical role in regulating intestinal 
microflora. 
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Be in 1564, Galileo Galilei once contemplated a career in the priesthood. It’s perhaps fortunate 
for science that upon the urging of his father, he instead decided to enroll at the University of 
Pisa. His career in science began with medicine and from there he subsequently went on to become 
a philosopher, physicist, mathematician, and astronomer, for which he is perhaps best known. His 
astronomical observations and subsequent improvements to telescopes built his reputation as a 
leading scientist of his time, but also led him to probe subject matter counter to prevailing dogma. 
His expressed views on the Earth’s movement around the sun caused him to be declared suspect 
of heresy, which for some time led to a ban on the reprinting of his works. 

Galileo’s career changed science for all of us and he was without doubt a leading light in the 
scientific revolution, which is perhaps why Albert Einstein called him the father of modern science. 

Want to challenge the status quo and make the Earth move? At Science we are here to help you 
in your own scientific career with expert career advice, forums, job postings, and more — all for free. 
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